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Abstract  
Transition-metal-catalyzed C-C bond activation of organic compounds is one of the most fasci-
nating reactions because it can transform simple compounds directly to complex molecules. Now-
adays, various transition-metal catalysts have been reported to cleave C-C bond by oxidative addi-
tion or β-elimination. In particular, oxidative addition of small ring compounds to transition-metal 
complexes driven by the release of ring strain has been widely investigated. Among them, bi-
phenylene, which was firstly synthesized by Lothrop in 1941, is regarded as a typical substrate for 
C-C bond activation to be converted to various polycyclic hydrocarbons. However, the transfor-
mation of biphenylene to other polycyclic hydrocarbons was largely limited to intermolecular reac-
tions such as [4+2] and [4+4] cycloadditions. Moreover, coupling partners were limited to alkynes, 
CO and its analogs. 
With this in mind, the author developed new transformations of biphenylene-containing sub-
strates by inter- and intramolecular reactions. These transformations could provide new synthetic 
approaches to construct polycyclic hydrocarbons. 
This thesis consists of six chapters. 
In Chapter 1, general introduction was described. 
In Chapter 2, the author described an intermolecular reaction of biphenylenes with alkenes in the 
presence of an iridium catalyst. The reaction proceeded via formal [4+1] cycloaddition to give 
9,9-disubstitued fluorenes. In addition, when substituted biphenylenes were used, the regioselective 
cleavage of the less hindered C-C bond was observed. Mechanism rationalizations based on both 
experimental studies and DFT calculations were also discussed. 
In Chapter 3, the author described a rhodium-catalyzed regioselective cleavage of the sterically 
more hindered C-C bond of biphenylenes possessing an ortho-phenylene-tethered alkene moiety. 
An alkene moiety acted as both a directing group to coordinate to the metal center and a reaction 
site to construct carbon framework. Moreover, the author compared the photophysical properties of 
obtained dihydrofluoranthene derivatives with their aromatized products. 
In Chapter 4, the author developed a chiral rhodium-catalyzed formal [4+2] cycloaddition for the 
synthesis of axially chiral PAHs by regioselective C-C bond activation. The combination of a cati-
onic rhodium catalyst and a chiral diene realized highly enantioselective construction of atropoiso-
meric skeleton. The author further examined consecutive cyclizations for the synthesis of highly 
conjugated axially chiral PAHs. The photophysical properties including CPL as a chiroptical prop-
erty of the obtained compounds were also measured. 
In Chapter 5, the author explained a gold-catalyzed skeletal rearrangement via double C-C bond 
cleavage at ambient temperature. The combination of AuCl3 and silver catalyst gave skele-
 
tal-rearrangement products. Mechanistic considerations including 13C-labeling experiment and DFT 
calculations revealed that reaction was initiated by π-activation of alkyne and that subsequent cy-
clization, ring expansion and 1,2-carbon migration gave the products. 
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List of Abbreviations  
13C NMR carbon nuclear magnetic resonance 
19F NMR fluorine nuclear magnetic resonance 
1H NMR proton nuclear magnetic resonance 






Bpin boronic acid pinacol ester 
C-C carbon-carbon  
C-H carbon-hydrogen 
C=C bond carbon-carbon double bond 
calcd. calculated 
CD circular dichroism 
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DFT density functional theory 
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n = 1: DPPM
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R = H: BIPHEP
R = OMe: (S)-MeO-BIPHEP
PR2
PR2
R = Ph: (S)-BINAP
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PR2
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C-C bonds are the most fundamental components of organic compounds to construct versatile and 
rigid frameworks. Therefore, when a C-C bond is directly cleaved and a new C-C bond is recon-
structed, simple organic compounds can be readily transformed to complex molecules. However, 
direct cleavage of a C-C bond is generally difficult because of its stability. Recently, transition-metal-
catalyzed C-C bond cleavage have attracted attention as a useful and atom-economical strategy.1 
These reactions involve key steps such as oxidative addition to the metal center and β-carbon elimi-
nation of organometallic species. Among them, oxidative addition into C-C bonds of strained rings 
is the most established strategy. Cyclopropane is a typical substrate for the transition-metal-catalyzed 
C-C bond cleavage because it has a highly bent C-C bond called a “banana bond” or a “tau bond”.2 
Many transformations involving C-C bond cleavage of cyclopropane ring have been reported and the 
cyclopropane ring remains an attractive three-carbon synthon in transition-metal-catalyzed reaction.3 
For example, in 2019, Bower and co-workers reported a rhodium-catalyzed [3+1+2] cycloaddition 
of cyclopropylamides by carbonylative C-C bond activation for the preparation of bicyclic γ-lactams 
(Scheme 1).3o 
 
Scheme 1. Rh-catalyzed carbonylative C-C bond activation  
 
 
Compared with their three-membered ring counterparts, C-C bond activation of four-membered 
rings are scarcely reported.4 As a pioneering example, Murakami, Amii and Ito reported C-C bond 
activation of cyclobutanone along with reductive ring opening by a rhodium-diphosphine complex 
in 1994 (Scheme 2).4a In this reaction, the less hindered C-C bond neighboring the carbonyl is selec-





























Scheme 2. Rh-catalyzed selective C-C bond activation of cyclobutanone 
 
 
Intramolecular reactions of four-membered ring compounds have also been developed. In 2002, 
Murakami, Itahashi and Ito reported the C-C bond activation of cyclobutanone derivatives to promote 
reactions with alkenes, where the reaction pathway was controlled by the choice of diphosphine lig-
ands (Scheme 3).4d When DPPP is used as a ligand, intramolecular alkene insertion followed by 
reductive elimination gives a bridged bicyclic compound. On the other hand, β-hydrogen elimination 
and subsequent reductive elimination to give a α,β-unsaturated ketone is achieved by using a rho-
dium-DPPE complex. In the case of DPPB, decarbonylation, β-hydrogen elimination and reductive 
elimination proceed to give a phenylene-tethered 1,5-diene. These examples illustrate the important 
roles of the carbonyl motif and ring strain in regioselective C-C bond cleavage of cyclobutanones. 
 








































Cyclobutenedione is another class of strained four-membered ring compound which has been re-
ported to undergo C-C bond activation. In 2000, Mitsudo and co-workers reported reconstructive 
synthesis of tricyclic cyclopentenones by a ruthenium catalyst (Scheme 4).4c After oxidative addition 
into the C-C bond between the carbonyl and enol moieties, decarbonylation gives four-membered 
ruthenacycles. Insertion into the C=C bond of norbornene followed by reductive elimination yields 
tricyclic products. Consequently, cyclobutenediones are shown to be useful three-carbon synthons 
after the loss of CO. However, it should be noted that the alkene scope was strictly limited to nor-
bornene which is more reactive than typical alkenes. 
 
Scheme 4. Ru-catalyzed reaction of cyclobutenediones with norbornene 
 
 
In 2012, Xu and Dong developed regioselective C-C bond activation of benzocyclobutenones for 
the synthesis of fused-ring systems (Scheme 5).4e DFT studies suggest that the rhodium catalyst 
firstly cleaves the C(sp3)-C(carbonyl) bond to give five-membered rhodacycles. Isomerization via 
decarbonylation and insertion of CO proceeds to form another rhodacycle, and subsequent reaction 
with alkene moieties affords the tricyclic products.4f The regioselectivity of C-C bond cleavage orig-


























Scheme 5. Rh-catalyzed intramolecular formal [4+2] cycloaddition 
 
 
  In 2015, Matsuda and Yuihara reported formal intramolecular C-C/C-H metathesis in the presence 
of a rhodium catalyst via C-C bond cleavage (Scheme 6).4g The nitrogen atom of a proximal pyridyl 
group directs the rhodium catalyst and facilitates C-C bond cleavage. Metathesis between a Rh-C 
bond and a C-H bond of the adjacent aryl group proceeds to give a six-membered rhodacycle.  
 
Scheme 6. Rh-catalyzed formal C-C/C-H metathesis  
 
 
As for the example above, C-C bond activation of four-membered rings is commonly facilitated 
by the aid of heteroatoms. However, biphenylene, first synthesized by Lothrop in 1941,5 is a typical 
four-membered ring which undergoes C-C bond activation without the assistance of any heteroatoms. 
It contains an abnormal 6-4-6 fused ring system with large ring strain in the central four-membered 
ring (more than 50 kcal/mol).6 Therefore, the bond dissociation energy of a C(aryl)-C(aryl) σ-bond 
of biphenylene (65.4 kcal/mol) is significantly lower than that of biphenyl (114.4 kcal/mol).1 Hence, 
the C-C σ-bond of biphenylene can be cleaved easily by transition-metal complexes and the resultant 
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X = C or N
Chapter 1 
 6 
ycyclic hydrocarbons.7,8 In 1985, Eisch and co-workers reported their pioneering work on the reac-
tion of biphenylene with tetrakis(triethylphosphine)nickel to give a dibenzonickelacyclopentadiene 
(Scheme 7).8a The nickel complex can be transformed into various aromatic compounds by using 
deuterated HCl (DCl), CO, alkynes and O2. 
 
Scheme 7. Reaction with a Ni-complex and transformations to various compounds 
  
 
Catalytic transformations of biphenylene have been used to access a range of hydrocarbon scaf-
folds. In particular, the construction of cyclic hydrocarbons by intermolecular reactions with varying 
carbon sources is a well-established field in the chemistry of biphenylene.9 In 1990, Vollhardt and 
co-workers reported the dimerization of biphenylene in the presence of a nickel catalyst (Scheme 
8).9a The same reaction was also achieved by platinum and palladium catalysts.9c,e 
 
Scheme 8. Ni-catalyzed dimerization 
 
 
 In addition to the formal [4+4] self-cycloaddition, formal [4+4] cross-cycloaddition has also been 
reported. In 2006, Gallagher and co-workers developed the synthesis of azatetraphenylenes by cross-
Ni(PEt3)4 (1.3 equiv)







































coupling of biphenylene with 4-aryl-3-bromopyridines (Scheme 9).9g The reaction is initiated by pal-
ladacycle formation from bromopyridines, which then instigates C-C bond cleavage of biphenylene 
to afford azatetraphenylenes. 
 
Scheme 9. Synthesis of azatetraphenylenes by a Pd-catalyst 
  
 
Biphenylene can also react in a catalytic fashion with various unsaturated compounds such as CO, 
alkynes, isocyanides and cyanides. In 1997 and 1999, Jones and co-workers achieved the synthesis 
of fluorenone derivatives via C-C bond cleavage of biphenylene. In the presence of a rhodium cata-
lyst, biphenylene can be transformed into a fluorenone under a highly pressurized CO atmosphere 
(Scheme 10).9b Isocyanide reacts analogously with biphenylene to give a fluorene imine in the pres-
ence of a nickel-diphosphine catalyst (Scheme 11).9d The same catalyst also promotes formal [4+2] 
cycloaddition of biphenylene with alkynes to form phenanthrene derivatives. 
 
Scheme 10. Rh-catalyzed reaction under CO atmosphere 
 


































THF-d8 or toluene-d8, 70 °C








In 2001, Jones and co-workers reported the reaction of biphenylene with trimethylsilyl-substituted 
alkynes by a rhodium catalyst to give both phenanthrenes and methylidenefluorenes (Scheme 12).9f 
After the formation of dibenzorhodacyclopentadiene, insertion of an alkyne and subsequent reductive 
elimination give phenanthrenes as formal [4+2] cycloadducts. However, formation of a rhodium vi-
nylidene complex affords methylidenefluorenes via a 1,2-silyl shift followed by reductive elimina-
tion. 
 
Scheme 12. Rh-catalyzed reaction of biphenylene with TMS-alkyne 
 
 
In 2012, Kotora and co-workers reported a formal [4+2] cycloaddition of biphenylene with alkynes 
or nitriles (Scheme 13).9i The iridium catalyst effectively promotes formal [4+2] cycloaddition with 
alkynes to give phenanthrene derivatives. This iridium system can also be used for consecutive reac-
tions of angular [3]phenylene to form substituted picenes. On the other hand, use of a rhodium cata-
lyst effectively facilitates the [4+2] cycloaddition with nitriles to give phenanthridines under micro-
wave irradiation.  
 
Scheme 13. Ir- or Rh-catalyzed formal [4+2] cycloaddition 
 
[RhCl(dtbpm)]2 (10 mol%) [Rh]
TMSR
[Rh]

































The reactions of substituted biphenylenes have also been examined. In 2010, Saito and co-workers 
reported formal σ-bond metathesis of biphenylenes with cyclopropylideneacetate to give seven-mem-
bered carbocycles (Scheme 14).9h The insertion of an alkene moiety into a Ni-C bond gives a seven-
membered nickelacycle. Subsequent rearrangement along with C-C bond cleavage of a proximal cy-
clopropane followed by reductive elimination gives the products with exclusive stereoselectivity. 
Moreover, when R1 is a methyl group, the sterically less hindered C-C bond of biphenylene was 
selectively cleaved. 
 
Scheme 14. Ni-catalyzed formal [4+3] cycloaddition with cyclopropylideneacetate  
 
 
Purpose of this thesis  
With the literatures previously described in mind, the author investigated reactions of biphenylenes 
using transition-metal catalysts to synthesize a new class of polycyclic hydrocarbons without the 
assistance of heteroatoms. 
In Chapter 2, the author describes an iridium-catalyzed formal [4+1] cycloaddition of biphenylenes 
with alkenes (Scheme 15). In this reaction, the α-position of substituted alkenes was used as a one-
carbon synthon for the construction of the five-membered ring of 9,9-disubstituted fluorene deriva-
tives. When 1-substituted biphenylene derivatives were used, the C-C bonds furthest from the sub-
stituents were selectively cleaved by an iridium catalyst due to the steric repulsion between the sub-
stituents and the catalyst. Furthermore, the author discloses the reaction mechanism, using DFT cal-
culations, to consist of β-hydrogen elimination followed by intramolecular insertion and reductive 



























Scheme 15. Ir-catalyzed formal [4+1] cycloaddition of biphenylenes with alkenes 
 
 
From Chapter 3 to Chapter 5, the author explores the intramolecular reactions of biphenylenes to 
establish new strategies for the synthesis of polycyclic hydrocarbons. 
In Chapter 3, the author describes alkene-directed regioselective activation of the sterically more 
hindered C-C bond of biphenylenes by a rhodium-catalyst (Scheme 16). An ortho-phenylene-tethered 
alkene moiety acted as both a directing group and a reaction site for the cleavage of the sterically 
hindered C-C bond and formal [4+2] cycloaddition gave dihydrobenzofluoranthene derivatives. The 
obtained hydrocarbons could be oxidized to afford various benzofluoranthenes as PAHs, and the dif-
ferent photophysical properties between dihydrobenzofluoranthene and benzofluoranthene deriva-
tives were discussed. 
 




In Chapter 4, the author describes a rhodium-catalyzed intramolecular formal [4+2] cycloaddition 
of ortho-phenylene-tethered alkynylbiphenylenes for the synthesis of axially chiral PAHs (Scheme 
17). In the presence of a rhodium-chiral diene complex, intramolecular formal [4+2] cycloaddition 
proceeded to give axially chiral PAHs in excellent yields and ees. Consecutive cyclizations facilitated 
the synthesis of more complex chiral PAHs with two chiral axes. Moreover, a pyrene-benzo[b]fluo-
ranthene-based axially chiral PAH showed a relatively high quantum yield (Φ = 0.67) as well as a 
high CPL property (|glum| = 3.5×10-3). 
[IrCl(cod)]2 (10 mol%)
BINAP (20 mol%)
























Scheme 17. Enantioselective synthesis of axially chiral PAHs via Rh-catalyzed regioselective 
C-C bond cleavage 
  
 
In Chapter 5, the author describes a gold-catalyzed dual C-C bond cleavage of biphenylene deriv-
atives under ambient temperature (Scheme 18). When an electron-deficient cationic gold catalyst was 
used, skeletal rearrangement of ortho-phenylene-tethered alkynylbiphenylenes proceeded with the 
cleavages of a biphenylene σ-bond and a C(sp)-C(aryl) bond. DFT calculations implied the reaction 
mechanism including the formation of a carbocation intermediate via π-activation of an alkyne, with 
subsequent ring expansion and 1,2-carbon shift affording the products. 
 























up to >99% yield
up to >99% ee
R RAuCl3 (10 mol%)
AgSbF6 (30 mol%)
DCE, rt, 2.5-24 h
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Formal [4+1] Cycloaddition of Biphenylenes with Alkenes Using  





















As mentioned in Chapter 1, although there are many reports of intermolecular reaction of bi-
phenylene,1 reactions with alkenes in particular are still limited.2,3 In 2001, Satoh and Jones reported 
hydroalkenylation along with ring opening of the central four-membered ring in the presence of a 
palladium catalyst and p-cresol as a proton source (Scheme 1).2 In this reaction, (E)-alkenes were 
obtained as the major products with small amounts of (Z)-alkenes and 1,1-disubstituted alkenes as 
by-products. 
 
Scheme 1. Pd-catalyzed Mizoroki-Heck type reaction in the presence of a proton source 
  
 
In the same year, Iverson and Jones reported a similar rhodium-catalyzed hydroalkenylation but 
without an additional proton source (Scheme 2).3 While the alkenylated products were obtained ex-
clusively, stereoselectivities were poor except for a styrene derivative being used as a coupling part-
ner. 
 
Scheme 2. Rh-catalyzed Mizoroki-Heck type reaction with alkenes 
 
 
In the only example of a cyclization between biphenylene and an alkene, norbornene reacted in a 











71% (E : Z : 1,1-disubstituted alkene = 87:13:0)
63% (E : Z : 1,1-disubstituted alkene = 92:4:4)
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95% (E/Z = 8/1)
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Scheme 3. Formal [4+2] cycloaddition of biphenylene with norbornene 
 
 
Shibata’s group has previously reported the iridium-catalyzed enantioselective formal [4+2] cy-
cloaddition of biphenylene with ortho-substituted arylalkynes (Scheme 4).4 The polarity of the alkyne 
caused by substituents on an adjacent aryl group is essential to induce high enantioselectivities. This 
is the first example of an iridium-diphosphine complex-catalyzed cyclization initiated by the C-C 
bond cleavage of biphenylene.  
 
Scheme 4. Ir-catalyzed formal [4+2] cycloaddition with ortho-substituted arylalkynes 
 
 
Furthering this work, the author investigated an intramolecular reaction of biphenylenes (1a) with 
alkenes 2 in the presence of an iridium catalyst (Scheme 5). The author initially assumed that a formal 
[4+2] cycloaddition would proceed to give tricyclic hydrocarbons 4 possessing a stereogenic center. 
However, an unexpected formal [4+1] cycloaddition proceeded instead to afford 9,9-disubstituted 
fluorene derivatives 3.  
 






























Results and Discussion 
Initial optimization of the reaction between biphenylene (1a) and styrene (2a) was conducted in 
the presence of a catalyst prepared from [IrCl(cod)]2 and racemic BINAP. Pleasingly, the desired 
fluorene derivative 3aa was obtained in a high yield (Table 1, entry 1). The catalyst loading could be 
reduced to 2.5 mol% with only 12% reduction in yield (entry 2). While [IrCl(coe)2]2 showed compa-
rable reactivity, the reaction using [Ir(OMe)(cod)]2 did not proceed at all (entries 3 and 4). In the case 
of cationic iridium catalyst [Ir(cod)2]BARF, fluorene 3aa was not detected despite complete con-
sumption of 1a (entry 5). When [RhCl(cod)]2 was used instead of [IrCl(cod)]2, no desired product 
was obtained and around 50% of 1a remained (entry 6). In entries 5 and 6, complex mixtures of by-
products were obtained. Analysis of their 1H NMR spectra suggested the formation of [4+2] cycload-
duct 4aa, exo-olefin 5aa and internal alkene 6aa. The mechanistic rationale for these results will be 
discussed later in this chapter. 
 
Table 1. Screening of catalysts for the synthesis of 3aa 
 
entry catalyst (X) yield /% 
1 [IrCl(cod)]2 (10) 83 
2 [IrCl(cod)]2 (2.5) 71 
3 [IrCl(coe)2]2 (10) 75 
4 [Ir(OMe)(cod)]2 (10) NR 
5[a] [Ir(cod)2] BARF (20) ND 
6 [RhCl(cod)]2 (10) ND 
[a] BINAP (20 mol%) was used. 
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  Next, the author screened solvents and ligands (Table 2). When toluene was used as a solvent, 3aa 
was obtained with a slightly decreased yield (entry 2) compared with xylene (entry 1). In dioxane, 
consumption of substrate 1a did not go to completion and the yield of 3aa was moderate (entry 3). 
Chlorobenzene as a halogenated solvent proved ineffective as a solvent and most of 1a remained 
(entry 4). Finally, diphosphine ligands were screened and both BINAP and BIPHEP could promote 
the desired reaction in xylene (entries 1 and 5). However, no formation of 3aa was observed in the 
case of the other phosphine ligands tested (entries 6-8). As a result, the author decided that entry 1 in 
Table 2 provided the optimal conditions for the reaction. 
 
Table 2. Screening of solvents and ligands 
 
entry ligand (X) solvent yield /% 
1 BINAP (20) xylene 83 
2 BINAP (20) toluene 72 
3 BINAP (20) dioxane 44 
4 BINAP (20) PhCl 5 
5 BIPHEP (20) xylene 50 
6 DPPBenz (20) xylene NR 
7 DPPF (20) xylene NR 
8 PPh3 (40) xylene NR 
 
With the optimized conditions in hand, the substrate scope of biphenylene derivatives 1 was ex-
amined (Table 3). When 1-phenylbiphenylene (1b) was used, the reaction proceeded smoothly to 
give 9-methyl-4,9-diphenylfluorene (3ba) in an excellent yield. Alkenes containing methyl or TMS 
groups could be used to afford corresponding fluorene derivatives 3ca and 3da. When the reaction 
of 1,8-dimethylbiphenylene (1e) was conducted, both the desired product 3ea and exo-olefin 5ea 
were obtained in low yields. This result implies that the steric environments around the biphenylene 
was crucial because the substituent at ortho-position of styrene or 1,8-positions of biphenylene would 











to the instability of benzo[b]biphenylene (1f) under thermal condition, the reaction of benzo[a]bi-
phenylene (1g) proceeded smoothly to give 3ga. As indicated by the substrate scope for a range of 
biphenylene derivatives, oxidative addition of the iridium catalyst always occurred at the C-C bond 
furthest from the substituent presumably to minimize steric interactions. 
 
Table 3. Substrate scope of biphenylene derivatives 1 
 
 
Next, the substrate scope of the alkene coupling partner was examined (Table 4). Silyl groups, 
such as trimethylsilyl and triethylsilyl, were tolerated in this reaction (3ab and 3ac) and allyltrime-
thylsilane could also be used to give 3ad. Alkyl-substituted alkene 2e could be used for the reaction 
to provide a 9,9-dialkylfluorene 3ae. The substituents on the phenyl ring of the styrene were also 
examined. Regardless of the electronic nature of substituents in the para-position of the styrene, the 
formal [4+1] cycloaddition proceeded in moderate to high yields (3af-3ai). Next, the position of the 
substituents around the aromatic ring on the styrene was investigated. Whilst the desired products 
3aj-3ak were obtained in high yields in the case of para- and meta-methoxy-substituted styrenes, the 
reaction of 2-methoxy styrene gave 3al in a low yield together with the formation of a significant 
amount of exo-olefin 5al as a by-product. When stilbene or β-methylstyrene as internal alkenes was 
used, the reaction did not proceed at all. These results suggest that formal [4+1] cycloaddition was 
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Table 4. Substrate scope of alkenes 2 
  
 
In place of styrene derivatives, ethyl acrylate (2m) was examined as an electron-deficient alkene 
(Scheme 5). Unfortunately, the reaction gave a complex mixture and 7am was isolated only in a low 
yield. In this reaction, the β-position of the alkene was used as a C1 synthon for the construction of 
five-membered ring. This means that geometry of 2m to form the intermediates is different from that 
of styrene 2a and other alkenes. Analysis of the complex mixture by 1H NMR and 13C NMR revealed 
products containing alkene moieties (5am and 6am). They are considered to be formed by reductive 
elimination of the intermediates. Mechanistic studies for this result will be discussed later. 
 













Me SiR33 Me n-C7H15Me TMS
R3 =  Me; 42% (3ab)
           Et; 51% (3ac)
70% (3ad) 63% (3ae)
R4 =   Cl; 42% (3af)
           F; 88% (3ag)
         Ph; 66% (3ah)
        Me; 88% (3ai)
 4-MeO; 70% (3aj)
 3-MeO; 70% (3ak)


















To explore the reaction mechanism of the unprecedented formal [4+1] cycloaddition, the author 
performed deuterium labeling reaction as shown in Schemes 6 and 7. When the formal [4+1] cy-
cloaddition was conducted in the presence of D2O, the deuteration of the methyl group was observed 
to give 3aa-d. This result implies the formation of iridium-hydride species, and H/D exchange oc-
curred during the reaction.5 The reaction proceeded with deuterated styrene 2a-d8 and perfect deuter-
ium transfer from the α-position of 2a-d8 to the methyl group was observed. This result is the evi-
dence for the intramolecular transfer from the vinylic proton. 
 
Scheme 6. Reaction of biphenylene (1a) with 2a in the presence of D2O 
 
 
Scheme 7. Reaction of biphenylene (1a) with 2a-d8 
 
 
Based on these results, a plausible reaction mechanism is shown in Figure 2. Oxidative addition 
of an iridium catalyst into biphenylene (1a) gives dibenzoiridacyclopentadiene A. Styrene (2a) then 
inserts into Ir-C bond of A to generate seven-membered iridacycle B. β-Elimination from B provides 
iridium-hydride species C possessing an exo-olefin moiety. Subsequent intramolecular alkene inser-





























Figure 2. Plausible reaction mechanism 
 
To validate the above reaction mechanism, DFT calculations were performed. The reaction mech-
anism from oxidative addition to formation of seven-membered iridacycle B is described in Figure 
3. The phenyl groups on the phosphine atoms of BINAP were replaced with methyl groups in order 
to simplify the calculations. Firstly, biphenylene coordinates to active species Int0 to form Int1. 
Using NBO analysis,6 this occurs via an η2-coordination between a C=C bond of biphenylene and 
the iridium center. Irreversible oxidative addition proceeds via TS1 (ΔΔG = 19.1 kcal/mol from Int0) 
in a large exothermic reaction to give Int 2. After coordination of styrene (2a) to form Int3, the 
formation of seven-membered ring Int4 occurs via alkene insertion depicted in TS2 (ΔΔG = 16.9 
kcal/mol from metastable state Int3). In Int3, the Ir-C bond trans to the phosphine was slightly longer 
than the Ir-C bond opposite the Cl atom (2.09Å vs 2.05 Å). This means that the former Ir-C bond is 
slightly weaker than the latter due to the stronger trans effect of the phosphine compared to the Cl,7 































Figure 3. Energy diagram from active Ir catalyst Int0 to seven-membered iridacycle Int4 
 
  From Int4, β-hydrogen elimination gives Int5, an iridium-hydride species containing an exo-olefin 
moiety (Figure 4). Intramolecular alkene insertion TS4 proceeds after the isomerization from Int5 to 
Int6 constructs the fluorene skeleton (ΔΔG = 19.5 kcal/mol from metastable state Int3). Finally, 
reductive elimination proceeds to give product 3aa and to regenerate Int0 (ΔΔG = 22.9 kcal/mol 
from metastable state Int7). As a result, the rate-determining step seems to be reductive elimination 































































Figure 4. Energy diagram from seven-membered iridacycle Int4 to product 3aa 
 
The [4+2] cycloadduct 4aa (Figure 2) would be generated from B (Int4) via reductive elimination 
(Figure 5). However, reductive elimination to form the C(sp2)-C(sp3) bond was scarcely observed 
compared with the formation of a C(sp3)-H bond due to the difficulty of efficient orbital overlap.8 
Intramolecular insertion to form Int7 becomes more difficult when C (Int5 or Int6) suffers signifi-
cant steric interactions with proximal substituents, instead favoring the formation of exo-olefin 5aa 
(Figure 6). Since rhodium or cationic iridium catalysts are more electron-deficient than the neutral 
iridium catalyst used,9 reductive elimination from these metal centers tends to proceed more readily. 
Therefore, when these catalysts are used, reductive elimination from B or C proceeds before the 






















































































Figure 5. Energy diagram for comparison of formal [4+1] and [4+2]cycloaddition 
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Instead of the desired 1,2-insertion, 2,1-insertion gives rise to by-products (Figure 7). When the 
desired 1,2-insertion proceeds, three possible products 3, 4 and 5 can be accessed. In contrast, 2,1-
migration can instead lead to two other products 6 and 7, together with product 4 common to both 
pathways. When the optimum iridium catalyst was used, 1,2-insertion proceeded to give product 3 
exclusively and other products derived from 2,1-migration were not observed. On the other hand, 
[RhCl(cod)]2 or [Ir(cod)2]BARF afforded a mixture of 4, 5 and 6. These results reflect the lack of 
selectivity of the insertion of alkenes with these catalysts. Furthermore, even under the optimal con-
ditions, the selectivity of insertion is dramatically affected by the choice of alkene: in the reaction of 
ethyl acrylate (2m), compound 7am (R = COOEt), derived from 2,1- insertion, was ascertained. 
 
 
Figure 7. 1,2-Insertion vs 2,1-insertion 
 
  These selectivities can be rationalized by determining whether the insertion step is dominated by 
steric control or electrostatic control (Figure 8).10 The steric repulsion between a diphosphine ligand 
and a substituent on alkenes controls the orientation of alkene for 1,2-insertion. On the contrary, 
when the M-C bond or the alkene is more polarized, electrostatic interactions induce 2,1-migration. 
Under the optimal conditions, 1,2-migration was predominant. However, when more electron-defi-
cient catalysts or a more polarized alkene was used, intermediates for 2,1-migration were presumably 






































Figure 8. Plausible models for alkene insertion 
 
  Finally, the author examined enantioselective construction of an all-carbon quaternary stereogenic 
center at the C9-position of a fluorene derivative (Table 6). Chiral ligands for enantioselective formal 
[4+1] cycloaddition of benzo[a]biphenylene (1g) with styrene (2a) were screened. When (S)-BINAP 
was used, the reaction proceeded well and slight enantioinduction was observed (entry 1). Substitu-
ents on the phosphine atom were expected to have a crucial effect on the reaction and (S)-xyl-BINAP 
gave the chiral product with a moderate ee (entries 1-4). When SEGPHOS derivatives was used, 3ga 
was obtained in an excellent yield by (S)-DM-SEGPHOS albeit with a lower ee (entries 5-8). (S)-
DIFLUORPHOS gave 3ga in an excellent yield but with low ee (entry 9). Product 3ga was obtained 
as a racemic mixture by using (S)-MeO-BIPHEP (entry 10). In the enantioselective intermolecular 
reaction of biphenylene with alkynes, (S,S)-Me-BPE has previously been shown to be the best lig-
and.4 However, it was ineffective for this intermolecular reaction (entry 11). Excess amount of sty-
























[M] = Rh, cationic Ir, R= aryl 
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Table 6. Enantioselective construction of quaternary stereogenic center 
 
entry ligand time / h yield /% ee /% 
1 (S)-BINAP 4 71 13 
2 (S)-tol-BINAP 3 77 9 
3 (S)-xyl-BINAP 3 74 52 
4 (S)-DTBM-BINAP 24 61 -5 
5 (S)-SEGPHOS 6 76 0 
7 (S)-DM-SEGPHOS 3 91 26 
8 (S)-DTBM-SEGPHOS 24 38 28 
9 (S)-DIFLUORPHOS 24 94 -9 
10 (S)-MeO-BIPHEP 3 84 1 
11 (S,S)-Me-BPE 4 ND - 
12[a] (S)-xyl-BINAP 2 89 55 
[a] 8 equiv amounts of styrene were used. 
 
Conclusion  
  The author achieved the iridium-catalyzed formal [4+1] cycloaddition of biphenylene with alkenes 
to afford 9,9-disubstituted fluorene derivatives. In the presence of an iridium catalyst prepared from 
[IrCl(cod)]2 and BINAP, C-C bond cleavage of biphenylenes afforded dibenzoiridacyclopentadienes 
as a C4 unit, followed by insertion of an alkene as a C1 unit to give the desired product. When 1-
substituted biphenylenes were used, the sterically less hindered C-C bond was selectively cleaved. 
This reaction displayed a broad substrate scope for electron-rich alkenes and styrenes. Biaryl com-
pounds possessing an exo-olefin moiety were generated with particularly bulky substrates, which 
revealed crucial details of the reaction mechanism. The author also calculated the energies of the 
intermediates and transition states using DFT calculations to assign reductive elimination as the rate 
determining step. Moreover, enantioselective formal [4+1] cycloaddition of an unsymmetrical bi-






 ligand (20 mol%)






Experimental Section  
A) General information  
1H NMR and 13C NMR spectra were recorded with ECX-500 (500 MHz) spectrometer. Chemical 
shift values for protons are reported in parts per million (δ) relative to internal standard tetrame-
thylsilane (0.0 ppm). 13C NMR spectra were obtained by JEOL ECX-500 (125 MHz) spectrometers 
and referenced to the internal solvent signals (central peak is 77.0 ppm in CDCl3). Data are presented 
as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, dd = doublet 
of doublets ), coupling constant in Hz, and area integration. HRMS were measured with an ESI-
orbitrap mass spectrometer or a DART-orbitrap mass spectrometer.11 Optical rotations were meas-
ured with a JASCO DIP-1000 polarimeter. PTLC was performed with silica gel-precoated glass 
plates (Merck 60 GF254) prepared in author’s laboratory. All reagents were weighed and handled in 
air and backfilled under argon at room temperature. All reactions were performed under an argon 
atmosphere. Unless otherwise noted, organic compounds and solvents were purchased from Tokyo 
Kasei Co., Aldrich Inc., and other commercial suppliers and were used without further purification. 
Compounds 1c,12 1e,12 1f,13 1g,14 3aa,15 4aa,16 5aa,17 6aa,18 6am,19 and 7am20 are already reported. 
 
B) Experimental procedures   
Preparation of 1-phenylbiphenylene (1b) 
To a round-bottom 50 mL flask, 1-bromobiphenylene21 (0.60 mmol), K2CO3 (6.0 mmol), phenyl-
boronic acid (1.5 mol) and Pd(PPh3)4 (0.12 mmol) were added. Ethanol (6 mL), benzene (6 mL) and 
H2O were added to the reaction vessel, then the mixture was refluxed for 2 h. After the reaction was 
completed, DCM and H2O were added and the mixture was extracted with DCM. The extract was 
dried over Na2SO4. After evaporation of the solution, the residue was purified by PTLC (hexane, Rf 
= 0.3) and compound 1b was obtained (124.5 mg, 90%).  
  
Preparation of 1-trimethylsilylbiphenylene (1d) 
1,8-Dibromobiphenylene21 (1.0 mmol) was dissolved in ether (32 mL) in a round-bottom 100 mL 
flask. The mixture was cooled to -78 ℃ and n-BuLi (1.2 mmol; 1.54 mol/L in hexane) was added 
dropwise. After the reaction mixture was stirred for 1h, TMSCl (4.0 mmol) was added and the mix-
ture was gradually warmed up to room temperature overnight. H2O was added and the mixture was 
extracted by ether. The extract was dried with Na2SO4. After evaporation of the solution, the residue 
was purified by PTLC (hexane, Rf = 0.7). 
The obtained product (ca. 0.72 mmol) was placed in a round-bottom 50 mL flask, dissolved in ether 
(40 mL) and cooled to -78 ℃. n-BuLi (1.44 mmol; 1.54 mol/L in hexane) was added slowly, then 
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the reaction mixture was stirred for 30 min. Methanol (0.5 mL) was added and the mixture was 
warmed up to room temperature overnight. H2O was added and the mixture was extracted by ether. 
The extract was dried with Na2SO4. After evaporation of the solution, the residue was purified by 
PTLC (hexane, Rf = 0.5) and compound 1d was obtained (61.7 mg, 30% in 2 steps). 
 
General procedure for formal [4+1] cycloaddition 
[IrCl(cod)]2 (0.01 mmol), BINAP (0.02 mmol), and biphenylene derivatives (1, 0.10 mmol), were 
placed in a Schlenk tube, which was then evacuated and backfilled with argon (x3). To the reaction 
vessel was added alkene derivatives 2 and dehydrated xylene (0.5 mL, pretreated by argon bubbling 
for 30 sec). The solution was then stirred at 135 °C (bath temperature) for 24 h. The reaction mixture 
was cooled to room temperature and the solvent was evaporated to dryness. The obtained crude prod-
ucts were purified by PTLC to give products 3.  
 
Procedure for asymmetric formal [4+1] cycloaddition (Tables 6) 
[IrCl(cod)]2 (0.010 mmol), chiral ligand (0.020 mmol), and benzo[a]biphenylene (1g, 0.10 mmol), 
were placed in a Schlenk tube, which was then evacuated and backfilled with argon (x3). To the 
reaction vessel was added styrene (2a, 0.4 mmol) and dehydrated xylene (0.5 mL, pretreated by argon 
bubbling for 30 sec). The solution was then stirred at 135 °C (bath temperature). The reaction mixture 
was cooled to room temperature and the solvent was evaporated to dryness. The obtained crude prod-
ucts were purified by PTLC to give products 3ga. 
 
Procedure for formal [4+1] cycloaddition in the presence of D2O (Scheme 6) 
[IrCl(cod)]2 (0.01 mmol), BINAP (0.02 mmol), and biphenylene (1a, 0.10 mmol), were placed in a 
Schlenk tube, which was then evacuated and backfilled with argon (x3). To the reaction vessel was 
added D2O (1.0 mmol), styrene (2a, 0.4 mmol) and dehydrated xylene (0.5 mL, pretreated by argon 
bubbling for 30 sec). The solution was then stirred at 135 °C (bath temperature) for 24 h. The reaction 
mixture was cooled to room temperature and the solvent was evaporated to dryness. The obtained 
crude products were purified by PTLC (hexane) to give products 3aa-d (17% D observed).  
  
Procedure for deuterium labeling experiment (Scheme 7) 
[IrCl(cod)]2 (0.01 mmol), BINAP (0.02 mmol), and biphenylene (1a, 0.10 mmol), were placed in a 
Schlenk tube, which was then evacuated and backfilled with argon (x3). To the reaction vessel was 
added styrene-d8 (2a-d8, 0.4 mmol) and dehydrated xylene (0.5 mL, pretreated by argon bubbling for 
30 sec). The solution was then stirred at 135 °C (bath temperature) for 24 h. The reaction mixture 
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was cooled to room temperature and the solvent was evaporated to dryness. The obtained crude prod-
ucts were purified by PTLC (hexane) to give products 3aa-d8 (99% D observed). 
 
C) Computational details 
All calculations were performed at the M0622 level of theory, using the Gaussian 09 package.23 
Geometry optimizations were carried out with a mixed basis set of LanL2DZ24 for Ir atom and 6-
31G(d) for other atoms. Vibration frequency was computed at the same level of theory to confirm 
whether the structures are minima (no imaginary frequencies) or transition states (only one imaginary 
frequency). Energies of optimized structures were calculated by single point calculation at the same 
level of theory with solvation effects (xylene-mixture, ε = 2.387900) using SMD model.25 The mo-
lecular geometries of the transition states were first estimated by the Reaction plus Pro software 
package (Software to optimize reaction paths along the user’s expected ones, HPC Systems Inc., 
http://www.hpc.co.jp/chem/react1.html (written in Japanese)), based on the NEB method,26 and sub-
sequently re-optimized by the Synchronous Transit-guided Quasi-Newton method with the keyword 
QST2 or QST3.27 Transition-state structures were confirmed to connect corresponding reactants and 
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D) Total electronic energy and free energy with solvation effects (xylene-mixture, ε = 
2.387900) using SMD model 
 
Table 7. Total energies E and Gibbs free energies G at 298K 
 E (Hartree) G (Hartree)  E (Hartree) G (Hartree) 
Int0 -2175.923647 -2175.568075 Int7 -2947.134845 -2946.502921 
1aa -461.683035 -461.556602 Int8 -2947.137892 -2946.500803 
Int1 -2637.625692 -2637.121954 TS5 -2947.099682 -2946.466464 
TS1 -2637.597199 -2946.393216 Int9 -2947.138027 -2946.502029 
Int2 -2637.701496 -2637.194148 3aa -771.199734 -770.946267 
2aa -309.401114 -309.299027 TS6 -2947.066967 -2946.435627 
Int3 -2947.136085 -2946.498705 Int10 -2947.147513 -2946.510873 
TS2 -2947.106161 -2946.471811 4aa -771.202720 -770.947210 
Int4 -2947.125144 -2946.488150 TS7 -2947.080048 -2946.448326 
TS3 -2947.097794 -2946.465951 Int11 -2947.087401 -2946.453432 
Int5 -2947.111747 -2946.477901 TS8 -2947.061766 -2946.431821 
Int6 -2947.122917 -2946.488261 Int12 -2947.081265 -2946.446334 


















































Figure 9. Structures optimized at M06/LanL2DZ for Ir and M06/6-31G(d) for other atoms. The 
hydrogen atoms colored in white, the carbon atoms in gray, the phosphine atoms in or-
ange, the chlorine atom in light green, and the iridium atoms in blue. 
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F) Characterization data for synthesized compounds  
1-Phenylbiphenylene (1b) 
Isolated by PTLC (hexane, Rf = 0.3). The title compound was obtained as a yellow solid (124.5 mg, 
90%); mp 46 °C; 1H NMR δ 7.59-7.57 (m, 2H), 7.45-7.42 (m, 2H), 7.35-7.32 (m, 1H), 6.99 (dd, J = 
8.5, 0.6 Hz, 1H), 6.84 (dd, J = 8.5, 6.8 Hz, 1H), 6.76-6.74 (m, 3H), 6.67-6.65 (m, 1H), 6.60 (dd, J = 
6.8, 0.6 Hz, 1H); 13C NMR δ 151.5, 151.3, 151.2, 147.9, 137.3, 131.4, 129.3, 128.8, 128.4, 128.2, 
127.7, 127.0, 126.4, 117.8, 117.3, 116.1; HRMS (DART, positive): m/z calcd. for C18H13+ [M+H]+ 
229.1012, found 229.1010. 
 
1-Trimethylsilylbiphenylene (1d) 
Isolated by PTLC (hexane, Rf = 0.5). The title compound was obtained as yellow oil (66.7 mg, 30% 
in 2 steps); 1H NMR δ 6.82 (dd, J = 8.1, 0.9 Hz, 1H), 6.73-6.69 (m, 3H), 6.65-6.59 (m, 3H), 0.26 (s, 
9H); 13C NMR δ 157.4, 152.9, 151.6, 150.9, 132.5, 130.7, 128.1, 128.1, 127.5, 118.0, 117.3, 117.2, 
-1.5; HRMS (DART, positive): m/z calcd. for C15H17Si+ [M+H]+ 225.1094, found 225.1092. 
 
9-Methyl-4,9-Diphenylfluorene (3ba) 
Isolated by PTLC (hexane/toluene = 4/1, Rf = 0.6). The title compound was obtained as a white solid 
(33.1 mg, 99%); mp 75 °C; 1H NMR δ 7.58-7.47 (m, 5H), 7.28-7.13 (m, 10H), 7.03-7.00 (m, 1H), 
6.97-6.93 (m, 1H), 1.92 (s, 3H); 13C NMR δ 154.6, 154.3, 145.2, 141.1, 139.6, 137.9, 136.6, 129.2, 
129.1, 128.5, 128.3, 127.5, 127.3, 127.1, 126.6, 126.6, 126.3, 123.9, 123.1, 123.0, 54.1, 25.6; HRMS 
(DART, positive): m/z calcd. for C26H24N+ [M+NH4]+ 350.1903, found 350.1899. 
 
4,9-Dimethyl-9-phenylfluorene (3ca) 
Isolated by PTLC (hexane/toluene = 4/1, Rf = 0.6). The title compound was obtained as a white solid 
(22.8 mg, 84%); mp 78 °C; 1H NMR δ 7.91 (d, J = 7.8 Hz, 1H), 7.37-7.33 (m, 1H), 7.24-7.17 (m, 
4H), 7.16-7.10 (m, 5H), 7.07-7.06 (m, 1H), 2.75 (s, 3H), 1.86 (s, 3H); 13C NMR δ 154.3, 145.3, 140.7, 
137.7, 133.1, 129.4, 128.2, 127.3, 127.0, 127.0, 126.5, 126.2, 124.1, 123.2, 121.6, 54.2, 25.5, 21.1 (a 
pair of peaks at the aromatic region is overlapped); HRMS (DART, positive): m/z calcd. for C21H22N+ 
[M+NH4]+ 288.1747, found 288.1745. 
 
9-Methyl-4-trimethylsilyl-9-phenylfluorene (3da) 
Isolated by PTLC (hexane, Rf = 0.2). The title compound was obtained as colorless oil (22.7 mg, 
69%); 1H NMR δ 7.97 (d, J = 7.8 Hz, 1H), 7.55-7.53 (m, 1H), 7.36-7.31 (m, 1H), 7.24-7.12 (m, 9H), 
1.87 (s, 3H), 0.53 (s, 9H); 13C NMR δ 154.6, 154.2, 145.2, 144.5, 140.8, 133.8, 133.8, 128.2, 127.1, 
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126.6, 126.6, 126.5, 126.2, 125.2, 124.2, 123.7, 54.0, 25.5, 0.2; HRMS (DART, positive): m/z calcd. 
for C23H28NSi+ [M+NH4]+ 346.1986, found 346.1984.  
 
4,5,9-Trimethyl-9-phenylfluorene (3ea) 
Isolated by PTLC (hexane, Rf = 0.2). The title compound was obtained as a white solid (6.4 mg, 
23%); mp 100 °C; 1H NMR δ 7.19-7.09 (m, 9H), 7.01 (dd, J = 4.4, 4.4 Hz, 2H), 2.79 (s, 6H), 1.82 (s, 
3H); 13C NMR δ 155.4, 146.9, 139.6, 132.1, 131.0, 128.2, 127.3, 126.6, 126.1, 121.7, 53.8, 26.2, 
25.4; HRMS (DART, positive): m/z calcd. for C22H24N+ [M+NH4]+ 302.1903, found 302.1901. 
 
11-Methyl-11-phenylbenzo[b]fluorene (3fa) 
Isolated by PTLC (hexane, Rf = 0.3). The title compound was obtained as a brown solid (6.9 mg, 
23%); mp 106 °C; 1H NMR δ 8.19 (s, 1H), 7.92 (d, J = 7.6 Hz, 2H), 7.74 (d, J = 8.0 Hz, 1H), 7.63 
(s, 1H), 7.46-7.37 (m, 3H), 7.30-7.28 (m, 1H), 7.26-7.24 (m, 1H), 7.23-7.20 (m, 4H), 7.19-7.14 (m, 
1H), 1.97 (s, 3H); 13C NMR δ 154.2, 152.2, 145.8, 139.1, 138.8, 133.6, 133.3, 128.5, 128.3, 128.1, 
128.1, 127.4, 126.6, 126.3, 125.6, 125.5, 124.4, 122.7, 120.6, 118.2, 54.2, 26.2; HRMS (DART, 
positive): m/z calcd. for C24H22N+ [M+NH4]+ 324.1747, found 324.1743. 
 
7-Methyl-7-phenylbenzo[c]fluorene (3ga) 
Isolated by PTLC (hexane, Rf = 0.3). The title compound was obtained as a pale yellow solid (20.7 
mg, 68%); mp 117 °C; 1H NMR δ 8.79 (d, J = 8.5 Hz, 1H), 8.37 (d, J = 7.9 Hz, 1H), 7.92 (d, J = 8.2 
Hz, 1H), 7.77 (d, J = 8.3 Hz, 1H), 7.66 (dd, J = 8.3, 7.0 Hz, 1H), 7.52 (dd, J = 7.9, 7.0 Hz, 1H), 7.45-
7.42 (m, 1H), 7.36 (d, J = 8.3 Hz, 1H), 7.30-7.27 (m, 2H), 7.21-7.14 (m, 5H), 1.93 (s, 3H); 13C NMR 
δ 155.1, 152.7, 144.2, 140.7, 134.0, 133.7, 129.6, 129.3, 128.8, 128.3, 127.3, 126.8, 126.7, 126.6, 
126.4, 125.2, 124.0, 123.9, 123.1, 122.2, 54.5, 24.6; HRMS (DART, positive): m/z calcd. for 
C24H22N+ [M+NH4]+ 324.1747, found 324.1744. [α]25D = -65.0 (c 0.98, CHCl3, 55% ee). Ee was de-
termined by HPLC analysis using a chiral column (Daicel Chiralpak IA-3: 4.6 x 250 mm, IA-3: 4.6 
x 250 mm and AD-3: 4.6 x 250 mm, 254 nm UV detector, rt, eluent: 1.0 % 2-propanol in hexane, 
flow rate: 0.5 mL/min, retention time: 40.5 min for major isomer and 45.6 min for minor isomer).  
 
9-Methyl-9-trimethylsilylfluorene (3ab) 
Isolated by PTLC (hexane, Rf = 0.7). The title compound was obtained as a white solid (11.1 mg, 
44%); mp 106 °C; 1H NMR δ 7.83-7.81 (m, 2H), 7.44-7.42 (m, 2H), 7.35-7.29 (m, 4H), 1.69 (s, 3H), 
-0.20 (s, 9H); 13C NMR δ 150.8, 139.7, 126.1, 125.3, 123.1, 119.8, 44.1, 17.6, -4.1; HRMS (DART, 





Isolated by PTLC (hexane, Rf = 0.5). The title compound was obtained as colorless oil (15.1 mg, 
51%); 1H NMR δ 7.82-7.81 (m, 2H), 7.48-7.46 (m, 2H), 7.34-7.28 (m, 4H), 1.69 (s, 3H), 0.72 (t, J = 
7.9 Hz, 9H), 0.43 (q, J = 7.9 Hz, 6H); 13C NMR δ 151.5, 139.7, 126.1, 125.4, 123.5, 119.8, 45.0, 




Isolated by PTLC (hexane, Rf = 0.5). The title compound was obtained as colorless oil (18.6 mg, 
70%); 1H NMR δ 7.67 (d, J = 6.8 Hz, 2H), 7.37-7.36 (m, 2H), 7.29-7.24 (m, 4H), 1.49 (s, 3H), 1.47 
(s, 2H), -0.76 (s, 9H); 13C NMR δ 153.0, 139.5, 127.0, 126.9, 123.3, 119.9, 48.8, 31.4, 30.0, -1.1; 
HRMS (DART, positive): m/z calcd. for C18H23Si+ [M+H]+ 267.1564, found 267.1563. 
 
9-Hepthyl-9-methylfluorene (3ae) 
Isolated by PTLC (hexane, Rf = 0.7). The title compound was obtained as colorless oil (17.6 mg, 
63%); 1H NMR δ 7.72-7.70 (m, 2H), 7.38-7.37 (m, 2H), 7.34-7.28 (m, 4H), 1.97-1.94 (m, 2H), 1.46 
(s, 3H), 1.19-1.15 (m, 2H), 1.08-1.05 (m, 6H), 0.79 (t, J = 7.3 Hz, 3H), 0.67-0.64 (m, 2H); 13C NMR 
δ 152.1, 140.1, 127.1, 126.8, 122.7, 119.8, 50.7, 40.7, 31.7, 29.9, 28.9, 26.7, 24.3, 22.5, 14.0; HRMS 
(DART, positive): m/z calcd. for C21H30N+ [M+NH4]+ 296.2373, found 296.2371. 
 
9-(4-Chlorophenyl)-9-methylfluorene (3af) 
Isolated by PTLC (hexane, Rf = 0.4). The title compound was obtained as a white solid (12.2 mg, 
42%); mp 102 °C; 1H NMR δ 7.76 (d, J = 7.5 Hz, 2H), 7.37-7.34 (m, 2H), 7.27-7.24 (m, 2H), 7.20-
7.18 (m, 2H), 7.16 (d, J = 8.7 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 1.85 (s, 3H); 13C NMR δ 153.4, 
143.6, 139.7, 132.2, 128.4, 128.0, 127.8, 127.4, 124.0 120.1, 54.2, 25.1; HRMS (DART, positive): 
m/z calcd. for C20H19ClN+ [M+NH4]+ 308.1201, found 308.1200. 
 
9-(4-Fluorophenyl)-9-methylfluorene (3ag) 
Isolated by PTLC (hexane, Rf = 0.3). The title compound was obtained as a white solid (24.1 mg, 
88%); mp 65 °C; 1H NMR δ 7.76 (d, J = 7.5 Hz, 2H), 7.36-7.33 (m, 2H), 7.26-7.23 (m, 2H), 7.19 (d, 
J = 7.5 Hz, 2H), 7.10 (dd, J = 8.9, 5.3 Hz, 2H), 6.88 (dd, J = 8.9, 8.9 Hz, 2H), 1.85 (s, 3H); 13C NMR 
δ 161.5 (d, J = 224.7 Hz), 153.6, 140.7 (d, J = 3.1 Hz), 139.6, 128.1 (d, J = 8.0 Hz), 127.7, 127.3, 
123.9, 120.0, 115.0 (d, J = 21.1 Hz), 54.1, 25.4; HRMS (ESI, positive): m/z calcd. for C20H15FNa+ 
[M+Na]+ 297.1050, found 297.1048. 
 




Isolated by PTLC (1st hexane/EtOAc = 15/1, Rf = 0.7, 2nd hexane, Rf = 0.3). The title compound was 
obtained as a white solid (21.8 mg, 66%); mp 152 °C; 1H NMR δ 7.78 (d, J = 7.5 Hz, 2H), 7.53-7.51 
(m, 2H), 7.43 (d, J = 8.3 Hz, 2H), 7.40-7.34 (m, 5H), 7.27-7.26 (m, 4H), 7.22 (d, J = 8.3 Hz, 2H), 
1.91 (s, 3H); 13C NMR δ 153.7, 144.1, 140.1, 139.7, 139.2, 128.7, 127.7, 127.2, 127.1, 127.0, 127.0, 




Isolated by PTLC (hexane, Rf = 0.4). The title compound was obtained as a white solid (21.6 mg, 
88%); mp 54 °C; 1H NMR δ 7.75 (d, J = 7.6 Hz, 2H), 7.34-7.31 (m, 2H), 7.25-7.21 (m, 4H), 7.05-
7.00 (m, 4H), 2.26 (s, 3H), 1.85 (s, 3H); 13C NMR δ 154.0, 142.0, 139.7, 135.8, 129.0, 127.6, 127.1, 
126.3, 124.0, 120.0, 54.3, 25.2, 20.9; HRMS (ESI, positive): m/z calcd. for C21H18Na+ [M+Na]+ 
293.1301, found 293.1304. 
 
9-(4-Methoxyphenyl)-9-methylfluorene (3aj) 
Isolated by PTLC (hexane/EtOAc = 6/1 Rf = 0.6). The title compound was obtained as a white solid 
(19.9 mg, 70%); mp 138 °C; 1H NMR δ 7.75 (d, J = 7.5 Hz, 2H), 7.35-7.31 (m, 2H), 7.26-7.21 (m, 
4H), 7.07 (d, J = 8.9 Hz, 2H), 6.74 (d, J = 8.9 Hz, 2H), 3.73 (s, 3H), 1.85 (s, 3H); 13C NMR δ 158.0, 
154.1, 139.6, 137.0, 127.6, 127.5, 127.1, 124.0, 120.0, 113.6, 55.2, 54.0, 25.4; HRMS (ESI, positive): 
m/z calcd. for C21H18NaO+ [M+Na]+ 309.1250, found 309.1250. 
 
9-(3-Methoxyphenyl)-9-methylfluorene (3ak) 
Isolated by PTLC (1st hexane/EtOAc = 15/1, Rf = 0.5, 2nd hexane, Rf = 0.1). The title compound was 
obtained as colorless oil (20.2 mg, 70%); 1H NMR δ 7.75 (d, J = 7.6 Hz, 2H), 7.35-7.32 (m, 2H), 
7.24-7.23 (m, 4H), 7.12 (dd, J = 8.0, 8.0 Hz, 1H), 6.76-6.75 (m, 1H), 6.73-6.68 (m, 2H), 3.69 (s, 3H), 
1.85 (s, 3H); 13C NMR δ 159.4, 153.6, 146.7, 19.7, 129.2, 127.6, 127.2, 124.0, 120.0, 119.1, 113.2, 




Isolated by PTLC (1st hexane/EtOAc = 15/1, Rf = 0.6, 2nd hexane/toluene = 4/1, Rf = 0.3). The title 
compound was obtained as colorless oil (5.0 mg, 17%); 1H NMR δ 7.77 (d, J = 7.5 Hz, 2H), 7.69 (dd, 
J = 7.7, 1.7 Hz, 1H), 7.32-7.29 (m, 2H), 7.24-7.17 (m, 3H), 7.13-7.11 (m, 2H), 7.02 (m, 1H), 6.68 
(dd, J = 8.1, 1.2 Hz, 1H), 3.01 (s, 3H), 1.77 (s, 3H); 13C NMR δ 158.1, 154.1, 140.1, 133.7, 128.1, 
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128.0, 127.0, 126.4, 122.6, 120.5, 119.6, 113.4, 55.7, 52.9, 27.1; HRMS (ESI, positive): m/z calcd. 
for C21H18NaO+ [M+Na]+ 309.1250, found 309.1250. 
 
2-(1-Phenylvinyl)biphenyl (5aa) 
Isolated by PTLC (hexane, Rf = 0.3). The title compound was obtained as white solid (216.3 mg, 
84%); mp 61 °C; 1H NMR δ 7.41-7.33 (m, 4H), 7.22-7.19 (m, 2H), 7.15-7.06 (m, 8H), 5.56 (d, J = 
1.4 Hz, 1H), 5.19 (d, J = 1.4 Hz, 1H); 13C NMR δ 149.5, 141.6, 141.3, 141.3, 140.7, 130.8, 130.2, 
129.1, 127.7, 127.7, 127.5, 127.1, 127.1, 127.0, 126.4, 116.4; HRMS (ESI): m/z calcd. for C20H16Na 
[M+Na] 279.1144, found 279.1145. 
 
2,2’-Dimethyl-6-(1-phenylethenyl)biphenyl (5ea) 
Isolated by PTLC (hexane, Rf = 0.4). The title compound was obtained as white solid (8.6 mg, 30%); 
mp 36 °C; 1H NMR δ 7.31-7.23 (m, 3H), 7.09-7.00 (m, 4H), 6.95 (d, J = 7.5 Hz, 1H), 6.87-6.84 (m, 
3H), 6.64 (dd, J = 7.6, 1.2 Hz, 1H), 5.29 (d, J = 1.7 Hz, 1H), 5.09 (d, J = 1.9 Hz, 1H), 1.96 (s, 3H), 
1.78 (s, 3H); 13C NMR δ 150.7, 142.0, 141.8, 140.2, 139.3, 136.5, 135.8, 129.9, 129.2, 129.1, 127.7, 
127.5, 127.5, 126.9, 126.7, 126.6, 124.8, 115.4, 20.2, 19.5; HRMS (DART, positive): m/z calcd. for 
C22H21+ [M+H]+ 285.1638, found 285.1638. 
 
2-[1-(2-Methoxyphenyl)ethenyl]biphenyl (5al) 
Isolated by PTLC (1st hexane/EtOAc = 15/1, Rf = 0.6, 2nd hexane/toluene = 4/1, Rf = 0.5). The title 
compound was obtained as brown solid (7.8 mg, 27%); mp 125 °C; 1H NMR δ 7.35-7.29 (m, 3H), 
7.27-7.23 (m, 3H), 7.18-7.13 (m, 3H), 7.09-7.05 (m, 1H), 6.85 (dd, J = 7.5, 1.8 Hz, 1H), 6.70-6.65 
(m, 2H), 5.49 (d, J = 1.9 Hz, 1H), 5.30 (d, J = 1.9 Hz, 1H), 3.56 (s, 3H); 13C NMR δ 156.7, 146.5, 
142.1, 142.1, 140.0, 131.2, 130.7, 130.1, 129.8, 129.3, 128.2, 127.4, 127.0, 126.8, 126.1, 120.1, 120.0, 
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G) Cartesian coordinates of stationary points optimized at M06/LanL2DZ for Ir and M06/6-
31G(d) for other atoms 
 
Int0 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.562409    2.505017   -1.556019 
      2          6           0        0.541734    1.154683   -1.121272 
      3          6           0        1.521947    0.703487   -0.247056 
      4          6           0        2.527247    1.603816    0.229247 
      5          6           0        2.537055    2.951585   -0.234016 
      6          6           0        1.536580    3.371066   -1.140009 
      7          6           0        3.501233    1.217923    1.186127 
      8          6           0        4.441123    2.110258    1.636684 
      9          6           0        4.462415    3.436143    1.154188 
     10          6           0        3.526818    3.845267    0.239835 
     11          6           0        0.542162   -1.154787    1.121184 
     12          6           0        0.563207   -2.505083    1.556031 
     13          6           0        1.537565   -3.370916    1.140000 
     14          6           0        2.537887   -2.951236    0.233929 
     15          6           0        2.527703   -1.603501   -0.229432 
     16          6           0        1.522154   -0.703422    0.246829 
     17          6           0        3.527870   -3.844693   -0.239892 
     18          6           0        4.463335   -3.435384   -1.154296 
     19          6           0        4.441687   -2.109535   -1.636873 
     20          6           0        3.501575   -1.217415   -1.186355 
     21         15           0       -0.944661    0.140740   -1.520032 
     22         15           0       -0.944310   -0.141001    1.520047 
     23          6           0       -1.625959    0.913152   -3.039254 
     24          6           0       -0.314688   -1.436198   -2.223721 
     25          6           0       -0.314254    1.436138    2.223222 
     26          6           0       -1.625193   -0.913125    3.039610 
     27          1           0       -0.211693    2.864844   -2.230255 
     28          1           0        1.543660    4.403785   -1.488856 
     29          1           0        3.490402    0.199216    1.569146 
     30          1           0        5.176412    1.792963    2.373913 
     31          1           0        5.215758    4.132626    1.517536 
     32          1           0        3.520778    4.870257   -0.131112 
     33          1           0       -0.210726   -2.865062    2.230375 
     34          1           0        1.544940   -4.403607    1.488928 
     35          1           0        3.522111   -4.869659    0.131127 
     36          1           0        5.216851   -4.131695   -1.517615 
     37          1           0        5.176876   -1.792095   -2.374140 
     38          1           0        3.490474   -0.198740   -1.569451 
     39         77           0       -2.516623   -0.000285    0.000147 
     40         17           0       -4.826004    0.000200   -0.000163 
     41          1           0       -1.148690    1.899713    2.763584 
     42          1           0        0.520462    1.263780    2.917068 
     43          1           0        0.002914    2.126550    1.436713 
     44          1           0       -2.092380   -1.877485    2.815578 
     45          1           0       -0.858449   -1.033314    3.817123 
     46          1           0       -2.412349   -0.244800    3.409762 
     47          1           0       -1.149230   -1.899697   -2.763982 
     48          1           0        0.519836   -1.263621   -2.917743 
     49          1           0        0.002725   -2.126757   -1.437446 
     50          1           0       -2.093168    1.877423   -2.814878 
     51          1           0       -0.859395    1.033597   -3.816905 
     52          1           0       -2.413148    0.244855   -3.409386 
 --------------------------------------------------------------------- 
 
1aa (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 




      1          6           0        0.000000    0.709083    0.750687 
      2          6           0        0.000000   -0.709083    0.750687 
      3          6           0        0.000000   -1.440519    1.907429 
      4          6           0        0.000000   -0.692296    3.108171 
      5          6           0        0.000000    0.692296    3.108171 
      6          6           0        0.000000    1.440519    1.907429 
      7          6           0        0.000000    0.709083   -0.750687 
      8          6           0        0.000000   -0.709083   -0.750687 
      9          6           0        0.000000   -1.440519   -1.907429 
     10          6           0        0.000000   -0.692296   -3.108171 
     11          6           0        0.000000    0.692296   -3.108171 
     12          6           0        0.000000    1.440519   -1.907429 
     13          1           0        0.000000   -2.528354    1.928572 
     14          1           0        0.000000   -1.221867    4.059677 
     15          1           0        0.000000    1.221867    4.059677 
     16          1           0        0.000000    2.528354    1.928572 
     17          1           0        0.000000   -2.528354   -1.928572 
     18          1           0        0.000000   -1.221867   -4.059677 
     19          1           0        0.000000    1.221867   -4.059677 
     20          1           0        0.000000    2.528354   -1.928572 
 --------------------------------------------------------------------- 
 
Int1 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0        1.342666    0.326873    0.292535 
      2         17           0        2.546257   -0.199102    2.353697 
      3         15           0       -0.472909    0.600119    1.702122 
      4         15           0       -0.023746   -0.152126   -1.403089 
      5          6           0       -2.272740    2.667050    1.065210 
      6          6           0       -1.988150    1.285543    0.902762 
      7          6           0       -2.758186    0.535902    0.022781 
      8          6           0       -3.816592    1.151501   -0.715512 
      9          6           0       -4.092488    2.536098   -0.523081 
     10          6           0       -3.297232    3.269396    0.385652 
     11          6           0       -4.588931    0.442007   -1.671917 
     12          6           0       -5.586074    1.066734   -2.377729 
     13          6           0       -5.870458    2.432726   -2.165236 
     14          6           0       -5.135666    3.149419   -1.257172 
     15          6           0       -1.336131   -1.327837   -0.858667 
     16          6           0       -1.069970   -2.717171   -0.979926 
     17          6           0       -1.930358   -3.653297   -0.475653 
     18          6           0       -3.103543   -3.264202    0.209693 
     19          6           0       -3.375963   -1.875143    0.372448 
     20          6           0       -2.475724   -0.911743   -0.184908 
     21          6           0       -3.992365   -4.219033    0.757742 
     22          6           0       -5.101476   -3.824239    1.459671 
     23          6           0       -5.361405   -2.450174    1.647837 
     24          6           0       -4.522489   -1.501528    1.119743 
     25          6           0       -0.076272    1.826040    3.002544 
     26          6           0       -1.025096   -0.819737    2.723104 
     27          6           0       -0.878719    1.160791   -2.376980 
     28          6           0        0.783250   -1.051707   -2.786766 
     29          1           0       -1.666707    3.266769    1.739894 
     30          1           0       -3.506012    4.329631    0.530591 
     31          1           0       -4.377872   -0.611433   -1.847334 
     32          1           0       -6.164019    0.504007   -3.108646 
     33          1           0       -6.668612    2.914069   -2.727239 
     34          1           0       -5.335224    4.207831   -1.088506 
     35          1           0       -0.161598   -3.053341   -1.473529 
     36          1           0       -1.712705   -4.715937   -0.583441 
     37          1           0       -3.768988   -5.276526    0.615894 
     38          1           0       -5.778257   -4.565789    1.879967 
     39          1           0       -6.234244   -2.140977    2.220067 
     40          1           0       -4.731100   -0.444928    1.276512 
     41          1           0       -0.143073    1.601271   -3.061852 
     42          1           0       -1.707424    0.751243   -2.969616 
     43          1           0       -1.254777    1.955390   -1.725881 
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     44          1           0        1.335462   -1.918353   -2.409965 
     45          1           0        0.052900   -1.373244   -3.540928 
     46          1           0        1.510378   -0.377913   -3.258013 
     47          1           0       -1.910176   -0.565991    3.321328 
     48          1           0       -1.239433   -1.695138    2.102585 
     49          1           0        0.330424    2.741604    2.558525 
     50          1           0       -0.948287    2.055746    3.628848 
     51          1           0        0.717641    1.379626    3.610811 
     52          6           0        4.472828    0.810504    0.158000 
     53          6           0        3.339847    0.492177   -0.720320 
     54          6           0        2.470822    1.540807   -1.143891 
     55          6           0        2.673121    2.816673   -0.477407 
     56          6           0        3.690378    3.029196    0.408942 
     57          6           0        4.681141    2.029911    0.699653 
     58          6           0        5.124619   -0.460354   -0.220178 
     59          6           0        4.109182   -0.725082   -1.170086 
     60          6           0        4.185046   -1.805045   -2.018811 
     61          6           0        5.299371   -2.650875   -1.852655 
     62          6           0        6.279017   -2.402434   -0.898874 
     63          6           0        6.218833   -1.277068   -0.058482 
     64          1           0        2.002996    1.559721   -2.129934 
     65          1           0        1.981595    3.625606   -0.712166 
     66          1           0        3.785020    4.009566    0.875143 
     67          1           0        5.561948    2.280001    1.286647 
     68          1           0        3.448738   -2.015621   -2.792807 
     69          1           0        5.395289   -3.526812   -2.493095 
     70          1           0        7.116206   -3.092741   -0.807336 
     71          1           0        7.002626   -1.079227    0.669945 
     72          1           0       -0.183051   -1.067366    3.380749 
 --------------------------------------------------------------------- 
 
TS1 (NIMGA = 1, 259.79i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0        1.426187    0.152178    0.314774 
      2         17           0        2.783444   -0.184991    2.341467 
      3         15           0       -0.297973    0.321370    1.791709 
      4         15           0        0.017964    0.278761   -1.434828 
      5          6           0       -2.081327    2.488136    1.691857 
      6          6           0       -1.830359    1.174304    1.212453 
      7          6           0       -2.659657    0.644973    0.232970 
      8          6           0       -3.753220    1.414967   -0.279647 
      9          6           0       -3.999040    2.718850    0.238438 
     10          6           0       -3.134125    3.230409    1.231101 
     11          6           0       -4.595775    0.942843   -1.319864 
     12          6           0       -5.633244    1.706755   -1.792043 
     13          6           0       -5.888813    2.985630   -1.253465 
     14          6           0       -5.082540    3.479641   -0.261579 
     15          6           0       -1.357866   -0.936147   -1.209363 
     16          6           0       -1.196946   -2.227542   -1.777597 
     17          6           0       -2.055701   -3.250946   -1.486243 
     18          6           0       -3.128122   -3.058397   -0.585850 
     19          6           0       -3.316778   -1.770373   -0.007515 
     20          6           0       -2.422047   -0.705960   -0.348258 
     21          6           0       -4.005005   -4.114671   -0.243209 
     22          6           0       -5.024751   -3.917999    0.651431 
     23          6           0       -5.204997   -2.649812    1.242442 
     24          6           0       -4.376937   -1.603964    0.920918 
     25          6           0        0.038529    1.167428    3.382898 
     26          6           0       -0.830468   -1.324608    2.404820 
     27          6           0       -0.792278    1.878719   -1.883028 
     28          6           0        0.642394   -0.125772   -3.125607 
     29          1           0       -1.423772    2.921773    2.440544 
     30          1           0       -3.313011    4.232907    1.620474 
     31          1           0       -4.411510   -0.040134   -1.748583 
     32          1           0       -6.265888    1.322757   -2.590280 
     33          1           0       -6.719482    3.578066   -1.632391 
     34          1           0       -5.255267    4.471031    0.157805 
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     35          1           0       -0.378041   -2.412875   -2.470211 
     36          1           0       -1.919006   -4.233254   -1.938947 
     37          1           0       -3.845720   -5.090933   -0.701559 
     38          1           0       -5.691136   -4.737713    0.913248 
     39          1           0       -6.007378   -2.500640    1.962775 
     40          1           0       -4.524219   -0.631280    1.387054 
     41          1           0       -0.069590    2.471225   -2.458617 
     42          1           0       -1.679869    1.711353   -2.508246 
     43          1           0       -1.073230    2.456601   -0.998513 
     44          1           0        1.162584   -1.085558   -3.182013 
     45          1           0       -0.185960   -0.120257   -3.845890 
     46          1           0        1.365352    0.645797   -3.415810 
     47          1           0        0.010354   -1.710964    2.994183 
     48          1           0       -1.729969   -1.258426    3.031979 
     49          1           0       -1.005773   -2.015912    1.575150 
     50          1           0        0.464649    2.163075    3.222620 
     51          1           0       -0.877119    1.232210    3.984932 
     52          1           0        0.794473    0.575714    3.905884 
     53          6           0        4.600888    0.626481   -0.285423 
     54          6           0        3.304197    0.824858   -0.830251 
     55          6           0        3.005570    2.028462   -1.448822 
     56          6           0        3.960866    3.063100   -1.365830 
     57          6           0        5.188648    2.873138   -0.758093 
     58          6           0        5.547964    1.614120   -0.236869 
     59          6           0        4.484212   -0.833453   -0.188334 
     60          6           0        3.167634   -0.894605   -0.717707 
     61          6           0        2.643126   -2.115277   -1.110065 
     62          6           0        3.409426   -3.270660   -0.844271 
     63          6           0        4.669242   -3.192354   -0.281555 
     64          6           0        5.252220   -1.945425    0.022303 
     65          1           0        2.061491    2.223070   -1.949868 
     66          1           0        3.713841    4.036383   -1.787291 
     67          1           0        5.902157    3.694501   -0.719624 
     68          1           0        6.549600    1.431927    0.147943 
     69          1           0        1.655054   -2.224848   -1.545562 
     70          1           0        2.984829   -4.244424   -1.083559 
     71          1           0        5.232594   -4.106062   -0.099297 
     72          1           0        6.274596   -1.879057    0.389076 
 --------------------------------------------------------------------- 
 
Int2 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0        1.518092   -0.427128    0.570747 
      2         17           0        2.229645   -1.904827    2.322359 
      3         15           0       -0.420950   -0.009531    1.969815 
      4         15           0        0.383243   -0.001536   -1.317259 
      5          6           0       -1.980017    2.343033    1.801943 
      6          6           0       -1.749756    1.052082    1.258807 
      7          6           0       -2.418742    0.676169    0.098522 
      8          6           0       -3.308852    1.589757   -0.547280 
      9          6           0       -3.514805    2.884075    0.012187 
     10          6           0       -2.835571    3.228348    1.202019 
     11          6           0       -3.979767    1.269107   -1.756453 
     12          6           0       -4.811222    2.174934   -2.364274 
     13          6           0       -5.022275    3.450519   -1.798083 
     14          6           0       -4.384870    3.794605   -0.635050 
     15          6           0       -1.116357   -1.056372   -1.200288 
     16          6           0       -0.995778   -2.383635   -1.692240 
     17          6           0       -1.995265   -3.299641   -1.513640 
     18          6           0       -3.172017   -2.955175   -0.810927 
     19          6           0       -3.301631   -1.637710   -0.282838 
     20          6           0       -2.251441   -0.685701   -0.490348 
     21          6           0       -4.206429   -3.897766   -0.600006 
     22          6           0       -5.323821   -3.564579    0.120069 
     23          6           0       -5.447771   -2.269015    0.664670 
     24          6           0       -4.465620   -1.331163    0.468827 
     25          6           0       -0.006466    0.754200    3.581995 
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     26          6           0       -1.276202   -1.533249    2.537778 
     27          6           0       -0.133860    1.688697   -1.806423 
     28          6           0        1.205348   -0.512057   -2.870689 
     29          1           0       -1.468491    2.640778    2.715433 
     30          1           0       -3.000492    4.214878    1.635632 
     31          1           0       -3.825161    0.289202   -2.204591 
     32          1           0       -5.314518    1.908040   -3.291785 
     33          1           0       -5.688169    4.157615   -2.288905 
     34          1           0       -4.531633    4.777921   -0.187928 
     35          1           0       -0.087233   -2.683398   -2.211278 
     36          1           0       -1.890394   -4.312931   -1.900997 
     37          1           0       -4.088382   -4.897829   -1.017167 
     38          1           0       -6.111600   -4.298183    0.280195 
     39          1           0       -6.330277   -2.011644    1.247487 
     40          1           0       -4.572572   -0.337781    0.900322 
     41          1           0        0.755837    2.202015   -2.192713 
     42          1           0       -0.896950    1.630937   -2.593299 
     43          1           0       -0.513755    2.274500   -0.966785 
     44          1           0        1.635383   -1.515102   -2.797286 
     45          1           0        0.504055   -0.451990   -3.712949 
     46          1           0        2.042188    0.177295   -3.038148 
     47          1           0       -0.568801   -2.073705    3.177505 
     48          1           0       -2.187733   -1.295123    3.100583 
     49          1           0       -1.527191   -2.181101    1.691067 
     50          1           0        0.504913    1.713918    3.450009 
     51          1           0       -0.883452    0.878211    4.230643 
     52          1           0        0.704402    0.066376    4.056556 
     53          6           0        2.247749    1.440741    0.265872 
     54          6           0        3.464065    1.504350   -0.455591 
     55          6           0        4.069497    2.744981   -0.661909 
     56          6           0        3.498288    3.911490   -0.165368 
     57          6           0        2.308942    3.845952    0.551434 
     58          6           0        1.686396    2.615177    0.760663 
     59          6           0        3.207995   -0.889137   -0.499270 
     60          6           0        3.980917    0.213813   -0.913405 
     61          6           0        5.112391    0.024680   -1.709360 
     62          6           0        5.481826   -1.257174   -2.100742 
     63          6           0        4.729872   -2.353908   -1.685647 
     64          6           0        3.604478   -2.168965   -0.882383 
     65          1           0        5.011661    2.798850   -1.208607 
     66          1           0        3.984409    4.871002   -0.334855 
     67          1           0        1.854568    4.754599    0.945154 
     68          1           0        0.735271    2.587741    1.294266 
     69          1           0        5.709878    0.879126   -2.031768 
     70          1           0        6.361924   -1.401907   -2.725868 
     71          1           0        5.027173   -3.359532   -1.983069 
     72          1           0        3.028308   -3.034627   -0.548255 
 --------------------------------------------------------------------- 
 
2aa (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.000000    0.559764    0.000000 
      2          6           0        1.335314    0.142379    0.000000 
      3          6           0        1.666901   -1.207152    0.000000 
      4          6           0        0.663775   -2.169212    0.000000 
      5          6           0       -0.671247   -1.769648    0.000000 
      6          6           0       -0.999114   -0.422482    0.000000 
      7          1           0        2.123462    0.896327    0.000000 
      8          1           0        2.713574   -1.507348    0.000000 
      9          1           0        0.918760   -3.227605    0.000000 
     10          1           0       -1.462944   -2.517358    0.000000 
     11          1           0       -2.047768   -0.127326    0.000000 
     12          6           0       -0.295698    1.995414    0.000000 
     13          1           0        0.586682    2.640923    0.000000 
     14          6           0       -1.499861    2.570066    0.000000 
     15          1           0       -2.425365    1.995654    0.000000 





Int3 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0       -1.043192   -0.634162   -0.408357 
      2         17           0       -0.402963   -3.077346   -0.698739 
      3         15           0        0.827858   -0.014827   -1.886009 
      4         15           0        0.442659   -0.519898    1.398522 
      5          6           0        1.858149    2.592877   -1.573332 
      6          6           0        1.975448    1.239760   -1.156030 
      7          6           0        2.846339    0.932248   -0.119151 
      8          6           0        3.571783    1.969013    0.549180 
      9          6           0        3.417056    3.319360    0.125197 
     10          6           0        2.556559    3.596430   -0.959738 
     11          6           0        4.423424    1.707496    1.653541 
     12          6           0        5.087025    2.725901    2.290015 
     13          6           0        4.941127    4.060709    1.855454 
     14          6           0        4.121802    4.347794    0.795195 
     15          6           0        2.106560   -1.196763    0.991422 
     16          6           0        2.349900   -2.560003    1.309949 
     17          6           0        3.525641   -3.168704    0.971111 
     18          6           0        4.530074   -2.465677    0.268487 
     19          6           0        4.299564   -1.105056   -0.083020 
     20          6           0        3.067997   -0.478695    0.298366 
     21          6           0        5.740652   -3.091151   -0.113743 
     22          6           0        6.687946   -2.408714   -0.831510 
     23          6           0        6.456202   -1.067183   -1.201532 
     24          6           0        5.295249   -0.432672   -0.838154 
     25          6           0        0.465607    0.733345   -3.532818 
     26          6           0        1.884575   -1.395671   -2.473791 
     27          6           0        0.694365    1.136935    2.141243 
     28          6           0        0.000007   -1.471238    2.898066 
     29          1           0        1.206752    2.848556   -2.405212 
     30          1           0        2.452097    4.626847   -1.299370 
     31          1           0        4.541723    0.682054    1.998959 
     32          1           0        5.730607    2.502467    3.138923 
     33          1           0        5.475089    4.858600    2.368177 
     34          1           0        3.992109    5.374132    0.451707 
     35          1           0        1.583769   -3.140229    1.815101 
     36          1           0        3.694046   -4.215694    1.222121 
     37          1           0        5.897098   -4.132284    0.168557 
     38          1           0        7.614169   -2.899673   -1.124362 
     39          1           0        7.205029   -0.531265   -1.781971 
     40          1           0        5.129644    0.600490   -1.136959 
     41          1           0       -0.217628    1.379440    2.700315 
     42          1           0        1.551048    1.124389    2.827408 
     43          1           0        0.837137    1.912568    1.383718 
     44          1           0       -0.290556   -2.495558    2.647854 
     45          1           0        0.853090   -1.474162    3.589114 
     46          1           0       -0.860709   -0.990727    3.375606 
     47          1           0        1.276442   -2.000452   -3.157425 
     48          1           0        2.766600   -1.010029   -3.001650 
     49          1           0        2.184204   -2.051301   -1.653543 
     50          1           0       -0.234587    1.573991   -3.476978 
     51          1           0        1.394990    1.064695   -4.013137 
     52          1           0        0.010601   -0.041274   -4.160279 
     53          6           0       -1.740098    1.255703   -0.031279 
     54          6           0       -2.648644    1.359988    1.052113 
     55          6           0       -3.186928    2.596260    1.413205 
     56          6           0       -2.856800    3.748801    0.710782 
     57          6           0       -1.985969    3.661298   -0.368442 
     58          6           0       -1.441338    2.428073   -0.726744 
     59          6           0       -2.420673   -1.050402    1.108233 
     60          6           0       -2.998689    0.092484    1.695110 
     61          6           0       -3.868235   -0.043835    2.782127 
     62          6           0       -4.190958   -1.302990    3.271514 
     63          6           0       -3.653137   -2.437404    2.666690 
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     64          6           0       -2.773640   -2.309827    1.592011 
     65          1           0       -3.894398    2.657480    2.241072 
     66          1           0       -3.284604    4.707704    1.000036 
     67          1           0       -1.724629    4.554162   -0.937099 
     68          1           0       -0.770061    2.395574   -1.583549 
     69          1           0       -4.310150    0.840970    3.242602 
     70          1           0       -4.871263   -1.400761    4.116688 
     71          1           0       -3.915993   -3.428565    3.036716 
     72          1           0       -2.341390   -3.199959    1.132193 
     73          6           0       -2.029797   -0.863936   -2.435301 
     74          6           0       -3.062565   -1.151404   -1.553549 
     75          1           0       -1.480792   -1.692410   -2.882967 
     76          1           0       -2.045194    0.071920   -2.993620 
     77          6           0       -4.228448   -0.294332   -1.295620 
     78          6           0       -4.382613    0.972405   -1.872163 
     79          6           0       -5.238571   -0.769997   -0.453522 
     80          6           0       -5.505288    1.740793   -1.605616 
     81          1           0       -3.606686    1.373574   -2.522194 
     82          6           0       -6.363591   -0.001144   -0.183493 
     83          1           0       -5.119248   -1.747296    0.014877 
     84          6           0       -6.499428    1.257887   -0.757173 
     85          1           0       -5.603363    2.726874   -2.056893 
     86          1           0       -7.132464   -0.386716    0.484019 
     87          1           0       -7.378503    1.864340   -0.544552 
     88          1           0       -3.161515   -2.188769   -1.229366 
 --------------------------------------------------------------------- 
 
TS2 (NIMGA = 1, 262.22i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0       -0.900140   -0.471452   -0.462463 
      2         17           0       -0.459577   -2.947772   -0.774349 
      3         15           0        0.859220    0.045397   -1.869279 
      4         15           0        0.490490   -0.487332    1.438012 
      5          6           0        2.123246    2.556298   -1.622724 
      6          6           0        2.110992    1.210682   -1.169240 
      7          6           0        2.946213    0.843801   -0.120441 
      8          6           0        3.751947    1.832075    0.532384 
      9          6           0        3.721637    3.181203    0.076463 
     10          6           0        2.903856    3.508503   -1.027024 
     11          6           0        4.572629    1.523751    1.648678 
     12          6           0        5.318136    2.494360    2.268132 
     13          6           0        5.292604    3.826779    1.803611 
     14          6           0        4.508743    4.159595    0.730096 
     15          6           0        2.137633   -1.226752    1.086580 
     16          6           0        2.356181   -2.577674    1.466451 
     17          6           0        3.494666   -3.243475    1.107546 
     18          6           0        4.483172   -2.613535    0.319379 
     19          6           0        4.280806   -1.264033   -0.089488 
     20          6           0        3.092188   -0.574384    0.318925 
     21          6           0        5.651548   -3.300871   -0.087124 
     22          6           0        6.584276   -2.691999   -0.885133 
     23          6           0        6.379274   -1.363220   -1.313092 
     24          6           0        5.261485   -0.668295   -0.925399 
     25          6           0        0.379109    0.816440   -3.465968 
     26          6           0        1.820774   -1.368855   -2.526993 
     27          6           0        0.800609    1.122894    2.265035 
     28          6           0       -0.133937   -1.466994    2.852651 
     29          1           0        1.506314    2.843598   -2.471507 
     30          1           0        2.900285    4.534784   -1.394289 
     31          1           0        4.598924    0.500866    2.019438 
     32          1           0        5.934341    2.234863    3.127129 
     33          1           0        5.891147    4.586433    2.302936 
     34          1           0        4.471869    5.185042    0.362107 
     35          1           0        1.597768   -3.104897    2.038557 
     36          1           0        3.644045   -4.280283    1.408568 
     37          1           0        5.785880   -4.331166    0.242721 
     38          1           0        7.477217   -3.231157   -1.196120 
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     39          1           0        7.114001   -0.885666   -1.958954 
     40          1           0        5.117048    0.353260   -1.272060 
     41          1           0       -0.143932    1.432103    2.731308 
     42          1           0        1.576154    1.038632    3.036950 
     43          1           0        1.079263    1.895740    1.541716 
     44          1           0       -0.454041   -2.457400    2.512083 
     45          1           0        0.617976   -1.558315    3.646803 
     46          1           0       -1.017609   -0.951144    3.248981 
     47          1           0        1.147947   -1.946460   -3.172257 
     48          1           0        2.682075   -1.006327   -3.103971 
     49          1           0        2.151266   -2.039097   -1.729938 
     50          1           0       -0.264235    1.692424   -3.332910 
     51          1           0        1.260000    1.085305   -4.063249 
     52          1           0       -0.196966    0.063041   -4.017030 
     53          6           0       -1.582340    1.421067   -0.091770 
     54          6           0       -2.627498    1.503615    0.866994 
     55          6           0       -3.226885    2.727573    1.188443 
     56          6           0       -2.817622    3.899426    0.573230 
     57          6           0       -1.797630    3.841731   -0.373694 
     58          6           0       -1.198219    2.626565   -0.692357 
     59          6           0       -2.702071   -0.940339    0.760123 
     60          6           0       -3.055347    0.241975    1.461823 
     61          6           0       -3.729051    0.145493    2.682751 
     62          6           0       -4.049572   -1.095643    3.217073 
     63          6           0       -3.667346   -2.266221    2.557069 
     64          6           0       -2.993690   -2.183678    1.349293 
     65          1           0       -4.050487    2.750809    1.903069 
     66          1           0       -3.295065    4.847015    0.817012 
     67          1           0       -1.467564    4.752025   -0.874726 
     68          1           0       -0.403044    2.632312   -1.434375 
     69          1           0       -3.981025    1.050475    3.235847 
     70          1           0       -4.583857   -1.153851    4.164555 
     71          1           0       -3.893005   -3.238459    2.993228 
     72          1           0       -2.684399   -3.090572    0.827232 
     73          6           0       -2.313856   -0.599364   -2.057036 
     74          6           0       -3.298217   -1.055573   -1.092978 
     75          1           0       -1.974616   -1.379599   -2.744886 
     76          1           0       -2.509112    0.356887   -2.549993 
     77          6           0       -4.624318   -0.398706   -0.945821 
     78          6           0       -4.857016    0.927411   -1.319953 
     79          6           0       -5.683657   -1.143496   -0.415539 
     80          6           0       -6.116666    1.493175   -1.157597 
     81          1           0       -4.045412    1.531343   -1.722725 
     82          6           0       -6.943746   -0.583989   -0.267107 
     83          1           0       -5.502186   -2.173211   -0.104862 
     84          6           0       -7.163186    0.741570   -0.634508 
     85          1           0       -6.279497    2.530667   -1.445527 
     86          1           0       -7.757907   -1.181842    0.139239 
     87          1           0       -8.149775    1.186514   -0.514231 
     88          1           0       -3.361021   -2.145049   -1.063715 
 --------------------------------------------------------------------- 
 
Int4 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -3.465589   -2.664521    2.506493 
      2          6           0       -3.310553   -1.588763    3.382827 
      3          6           0       -3.080789   -0.324791    2.871640 
      4          6           0       -3.043398   -0.082401    1.486316 
      5          6           0       -3.273206   -1.156893    0.591479 
      6          6           0       -3.446177   -2.441308    1.143305 
      7          6           0       -1.587678    1.419864    0.199523 
      8          6           0       -2.716748    1.291354    1.032973 
      9          6           0       -3.442292    2.395760    1.474538 
     10          6           0       -3.080535    3.674979    1.067279 
     11          6           0       -1.973640    3.828276    0.240150 
     12          6           0       -1.238022    2.718896   -0.179704 
     13          6           0        5.529945    3.741152    1.621904 
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     14          6           0        4.631251    4.134380    0.665124 
     15          6           0        3.767912    3.194231    0.053871 
     16          6           0        3.843305    1.821390    0.425728 
     17          6           0        4.783087    1.450075    1.422802 
     18          6           0        5.599662    2.384948    2.006490 
     19          6           0        2.830351    3.583099   -0.927526 
     20          6           0        1.975815    2.666983   -1.475882 
     21          6           0        2.006424    1.297616   -1.098000 
     22          6           0        2.963414    0.869647   -0.184473 
     23          6           0        3.163575   -0.569485    0.149354 
     24          6           0        2.316592   -1.262265    1.002461 
     25          6           0        2.580195   -2.628537    1.282791 
     26          6           0        3.659414   -3.270468    0.743093 
     27          6           0        4.538196   -2.597357   -0.134245 
     28          6           0        4.289875   -1.228968   -0.442859 
     29          6           0        5.642502   -3.258077   -0.723362 
     30          6           0        6.468062   -2.603861   -1.599760 
     31          6           0        6.216581   -1.254141   -1.924948 
     32          6           0        5.159641   -0.584736   -1.361833 
     33         15           0        0.679640    0.186094   -1.739150 
     34         15           0        0.720211   -0.550975    1.574750 
     35          1           0       -3.615584   -3.671564    2.891458 
     36          1           0       -3.344829   -1.745634    4.460174 
     37          1           0       -2.917542    0.521197    3.540999 
     38          1           0       -3.582367   -3.278626    0.459887 
     39          1           0       -4.313883    2.240114    2.112823 
     40          1           0       -3.655291    4.540840    1.391528 
     41          1           0       -1.669894    4.824801   -0.081315 
     42          1           0       -0.358609    2.897056   -0.797015 
     43          1           0        6.188626    4.470833    2.089139 
     44          1           0        4.560395    5.178674    0.360974 
     45          1           0        4.844129    0.407958    1.730543 
     46          1           0        6.308394    2.078332    2.773546 
     47          1           0        2.792352    4.627520   -1.236702 
     48          1           0        1.264611    3.003513   -2.226429 
     49          1           0        1.902540   -3.186469    1.922536 
     50          1           0        3.845098   -4.320495    0.968712 
     51          1           0        5.814855   -4.304263   -0.470180 
     52          1           0        7.311234   -3.122248   -2.052582 
     53          1           0        6.866580   -0.739479   -2.630390 
     54          1           0        4.976438    0.455373   -1.626521 
     55          6           0        0.239224   -1.638739    2.967921 
     56          1           0       -0.600437   -1.156352    3.483022 
     57          1           0       -0.119053   -2.600641    2.583821 
     58          1           0        1.061184   -1.791697    3.679299 
     59          6           0        1.108609    1.003852    2.473342 
     60          1           0        0.182968    1.310065    2.980148 
     61          1           0        1.907640    0.872866    3.214204 
     62          1           0        1.381832    1.804081    1.776927 
     63          6           0        1.530703   -1.191287   -2.587331 
     64          1           0        2.325308   -0.792606   -3.232619 
     65          1           0        1.939651   -1.912678   -1.876194 
     66          1           0        0.779692   -1.717813   -3.188388 
     67          6           0        0.006380    1.085240   -3.184111 
     68          1           0       -0.650536    0.389861   -3.717814 
     69          1           0       -0.594677    1.950288   -2.883907 
     70          1           0        0.812620    1.397966   -3.859920 
     71         77           0       -0.842767   -0.431470   -0.245655 
     72          6           0       -2.352686   -0.488629   -1.707700 
     73          6           0       -3.562630   -0.998817   -0.918736 
     74          1           0       -2.093197   -1.203854   -2.501586 
     75          1           0       -2.535679    0.490911   -2.165915 
     76          6           0       -4.872458   -0.248901   -1.099401 
     77          6           0       -4.941675    1.129781   -1.309430 
     78          6           0       -6.070507   -0.961214   -0.996532 
     79          6           0       -6.171386    1.773396   -1.408509 
     80          1           0       -4.027111    1.716998   -1.381855 
     81          6           0       -7.300671   -0.323897   -1.101795 
     82          1           0       -6.031101   -2.039545   -0.829959 
     83          6           0       -7.354928    1.051271   -1.307237 
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     84          1           0       -6.199981    2.850988   -1.565445 
     85          1           0       -8.219818   -0.903464   -1.026389 
     86          1           0       -8.316326    1.555981   -1.391063 
     87          1           0       -3.747840   -2.029927   -1.253912 
     88         17           0       -0.468701   -2.897720   -0.580614 
 --------------------------------------------------------------------- 
 
TS3 (NIMGA = 1, 558.60i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0       -1.004732   -0.007027   -0.168444 
      2         17           0       -0.724124   -2.512415   -0.395850 
      3         15           0        0.723664    0.285719   -1.728549 
      4         15           0        0.453009   -0.244589    1.661724 
      5          6           0        2.595246    2.398095   -1.620958 
      6          6           0        2.266823    1.104665   -1.132680 
      7          6           0        3.031790    0.547615   -0.115576 
      8          6           0        4.091846    1.309613    0.478421 
      9          6           0        4.387842    2.612411   -0.015549 
     10          6           0        3.626890    3.122218   -1.091110 
     11          6           0        4.853599    0.821178    1.572059 
     12          6           0        5.850120    1.578106    2.133801 
     13          6           0        6.148902    2.861743    1.629086 
     14          6           0        5.430058    3.365120    0.576871 
     15          6           0        1.904668   -1.294224    1.230740 
     16          6           0        1.915865   -2.639249    1.683008 
     17          6           0        2.862979   -3.527638    1.259095 
     18          6           0        3.847400   -3.140610    0.324254 
     19          6           0        3.862997   -1.795247   -0.143002 
     20          6           0        2.881663   -0.867065    0.341801 
     21          6           0        4.806193   -4.061941   -0.160427 
     22          6           0        5.742250   -3.681900   -1.086016 
     23          6           0        5.753925   -2.355165   -1.565742 
     24          6           0        4.844131   -1.437200   -1.105083 
     25          6           0        0.177164    1.315504   -3.141644 
     26          6           0        1.301280   -1.211732   -2.605336 
     27          6           0        1.152549    1.183225    2.582910 
     28          6           0       -0.358409   -1.127836    3.047007 
     29          1           0        2.001355    2.841387   -2.416619 
     30          1           0        3.863114    4.112432   -1.481285 
     31          1           0        4.630116   -0.166282    1.972257 
     32          1           0        6.416124    1.185551    2.976545 
     33          1           0        6.946190    3.449033    2.080799 
     34          1           0        5.642602    4.357480    0.178840 
     35          1           0        1.141782   -2.983423    2.362890 
     36          1           0        2.852038   -4.557427    1.615551 
     37          1           0        4.774570   -5.085291    0.213780 
     38          1           0        6.471252   -4.399623   -1.457864 
     39          1           0        6.491046   -2.056658   -2.309096 
     40          1           0        4.864871   -0.419767   -1.491786 
     41          1           0        0.317896    1.784275    2.964604 
     42          1           0        1.761209    0.823640    3.422732 
     43          1           0        1.769584    1.826180    1.948372 
     44          1           0       -0.851469   -2.031588    2.670862 
     45          1           0        0.339678   -1.380456    3.855912 
     46          1           0       -1.130257   -0.453335    3.439509 
     47          1           0        0.442420   -1.652255   -3.126034 
     48          1           0        2.083602   -0.940538   -3.326805 
     49          1           0        1.673262   -1.961943   -1.901773 
     50          1           0       -0.226905    2.272793   -2.791015 
     51          1           0        0.979893    1.482029   -3.871133 
     52          1           0       -0.633172    0.764357   -3.633890 
     53          6           0       -1.324653    2.027300   -0.029282 
     54          6           0       -2.595171    2.663208   -0.104394 
     55          6           0       -2.645422    4.030554   -0.449157 
     56          6           0       -1.518446    4.826911   -0.557180 
     57          6           0       -0.286018    4.257230   -0.268507 
     58          6           0       -0.217711    2.893865   -0.015148 
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     59          6           0       -4.266805    0.685229    0.087203 
     60          6           0       -3.903625    2.041845    0.241691 
     61          6           0       -4.861409    2.889767    0.828179 
     62          6           0       -6.143433    2.477152    1.152764 
     63          6           0       -6.512665    1.162670    0.914872 
     64          6           0       -5.568063    0.281645    0.410679 
     65          1           0       -3.616672    4.479594   -0.651218 
     66          1           0       -1.609447    5.874804   -0.837851 
     67          1           0        0.628411    4.851775   -0.272890 
     68          1           0        0.767739    2.472384    0.162603 
     69          1           0       -4.574105    3.911355    1.064710 
     70          1           0       -6.842410    3.182922    1.598658 
     71          1           0       -7.515764    0.809102    1.145977 
     72          1           0       -5.852893   -0.756218    0.259907 
     73          6           0       -2.555636   -0.091373   -1.631855 
     74          6           0       -3.312912   -0.367073   -0.421877 
     75          1           0       -2.384865   -0.937925   -2.300672 
     76          1           0       -2.748153    0.861219   -2.130761 
     77          6           0       -3.777771   -1.783623   -0.201697 
     78          6           0       -4.327518   -2.500283   -1.261687 
     79          6           0       -3.788195   -2.356256    1.070987 
     80          6           0       -4.857910   -3.771496   -1.058897 
     81          1           0       -4.353079   -2.055287   -2.255614 
     82          6           0       -4.312089   -3.622604    1.276884 
     83          1           0       -3.361036   -1.799585    1.907129 
     84          6           0       -4.847928   -4.338129    0.208623 
     85          1           0       -5.280592   -4.318495   -1.900060 
     86          1           0       -4.297862   -4.058639    2.274441 
     87          1           0       -5.257006   -5.334614    0.366914 
     88          1           0       -2.425067   -0.275137    0.766606 
 --------------------------------------------------------------------- 
 
Int5 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0        1.096854   -0.007995   -0.033356 
      2         17           0        0.723885   -2.527909    0.090885 
      3         15           0       -0.643505    0.178700    1.718323 
      4         15           0       -0.522668   -0.199020   -1.715866 
      5          6           0       -2.449032    2.357073    1.732036 
      6          6           0       -2.184690    1.063978    1.203416 
      7          6           0       -3.006770    0.567385    0.199465 
      8          6           0       -4.060474    1.379557   -0.335240 
      9          6           0       -4.290321    2.679028    0.200081 
     10          6           0       -3.471147    3.131796    1.257908 
     11          6           0       -4.879283    0.947713   -1.412109 
     12          6           0       -5.865360    1.755855   -1.918230 
     13          6           0       -6.097235    3.036548   -1.372873 
     14          6           0       -5.323291    3.485389   -0.335043 
     15          6           0       -1.960918   -1.244436   -1.237547 
     16          6           0       -2.008180   -2.572699   -1.737632 
     17          6           0       -2.966075   -3.454767   -1.326663 
     18          6           0       -3.922692   -3.081978   -0.356897 
     19          6           0       -3.896999   -1.756379    0.161939 
     20          6           0       -2.907547   -0.830854   -0.312254 
     21          6           0       -4.892375   -3.998992    0.113227 
     22          6           0       -5.798751   -3.633158    1.073797 
     23          6           0       -5.768803   -2.326479    1.604518 
     24          6           0       -4.847271   -1.412533    1.158698 
     25          6           0       -0.113370    1.116207    3.206306 
     26          6           0       -1.224360   -1.372575    2.500002 
     27          6           0       -1.237394    1.264880   -2.560326 
     28          6           0        0.213231   -1.051199   -3.156919 
     29          1           0       -1.813396    2.762140    2.514761 
     30          1           0       -3.653232    4.120158    1.680729 
     31          1           0       -4.712094   -0.036527   -1.846177 
     32          1           0       -6.475321    1.406558   -2.749341 
     33          1           0       -6.886197    3.665213   -1.781371 
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     34          1           0       -5.483219    4.474341    0.094887 
     35          1           0       -1.252909   -2.910279   -2.440862 
     36          1           0       -2.984118   -4.470765   -1.720246 
     37          1           0       -4.893856   -5.007548   -0.300291 
     38          1           0       -6.536402   -4.347865    1.434200 
     39          1           0       -6.482450   -2.040576    2.375158 
     40          1           0       -4.834295   -0.410145    1.583020 
     41          1           0       -0.408342    1.873471   -2.942154 
     42          1           0       -1.864771    0.928531   -3.396079 
     43          1           0       -1.839887    1.888827   -1.895598 
     44          1           0        0.746708   -1.946477   -2.818757 
     45          1           0       -0.538288   -1.306413   -3.915065 
     46          1           0        0.943404   -0.357959   -3.591674 
     47          1           0       -0.360140   -1.852663    2.975197 
     48          1           0       -1.996597   -1.159699    3.250627 
     49          1           0       -1.602595   -2.072461    1.749736 
     50          1           0        0.312322    2.087221    2.924635 
     51          1           0       -0.937865    1.257604    3.916058 
     52          1           0        0.669651    0.533182    3.703881 
     53          6           0        1.369872    2.030175   -0.044100 
     54          6           0        2.632358    2.659836    0.088764 
     55          6           0        2.686327    4.020391    0.449607 
     56          6           0        1.555422    4.812560    0.558855 
     57          6           0        0.323534    4.241750    0.272140 
     58          6           0        0.255500    2.884335   -0.018943 
     59          6           0        4.249439    0.650168    0.048513 
     60          6           0        3.933022    2.005206   -0.193142 
     61          6           0        4.922332    2.809117   -0.783572 
     62          6           0        6.203595    2.355709   -1.052039 
     63          6           0        6.534906    1.048058   -0.732503 
     64          6           0        5.559645    0.215551   -0.205355 
     65          1           0        3.657729    4.464315    0.663881 
     66          1           0        1.641655    5.858548    0.848383 
     67          1           0       -0.591708    4.834410    0.298317 
     68          1           0       -0.730852    2.465075   -0.197219 
     69          1           0        4.659767    3.826151   -1.066919 
     70          1           0        6.931126    3.022919   -1.511388 
     71          1           0        7.537108    0.661951   -0.909709 
     72          1           0        5.826364   -0.812175    0.024939 
     73          6           0        2.465495   -0.053848    1.708192 
     74          6           0        3.301471   -0.359507    0.618767 
     75          1           0        2.137574   -0.872709    2.351048 
     76          1           0        2.521971    0.932346    2.169595 
     77          6           0        3.690308   -1.785270    0.378769 
     78          6           0        3.994695   -2.615825    1.455225 
     79          6           0        3.849529   -2.288493   -0.916580 
     80          6           0        4.404430   -3.930659    1.249131 
     81          1           0        3.915306   -2.229153    2.470771 
     82          6           0        4.261422   -3.593594   -1.125826 
     83          1           0        3.616577   -1.643419   -1.764197 
     84          6           0        4.532092   -4.425591   -0.040751 
     85          1           0        4.629033   -4.565274    2.105010 
     86          1           0        4.361980   -3.972581   -2.141710 
     87          1           0        4.847713   -5.454679   -0.205058 
     88          1           0        2.053591   -0.075267   -1.343368 
 --------------------------------------------------------------------- 
 
Int6 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -3.739022   -4.051673   -1.174505 
      2          6           0       -3.766456   -4.304954    0.190010 
      3          6           0       -3.582252   -3.261100    1.092802 
      4          6           0       -3.360255   -1.956173    0.655272 
      5          6           0       -3.310736   -1.708303   -0.732333 
      6          6           0       -3.512697   -2.753727   -1.627998 
      7          6           0       -2.351996    0.252239    1.274356 
      8          6           0       -3.210114   -0.822977    1.584968 
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      9          6           0       -4.030755   -0.767084    2.719102 
     10          6           0       -4.048378    0.353469    3.537653 
     11          6           0       -3.265948    1.450826    3.194365 
     12          6           0       -2.434521    1.395435    2.077403 
     13          6           0        5.815254   -3.760100   -0.958073 
     14          6           0        4.743353   -4.099816   -0.174081 
     15          6           0        3.809874   -3.120546    0.240823 
     16          6           0        3.994114   -1.763106   -0.147772 
     17          6           0        5.105301   -1.448831   -0.971669 
     18          6           0        5.990749   -2.420597   -1.364903 
     19          6           0        2.676078   -3.460762    1.013165 
     20          6           0        1.774048   -2.505044    1.390198 
     21          6           0        1.951207   -1.139484    1.039242 
     22          6           0        3.044051   -0.774191    0.268333 
     23          6           0        3.230152    0.632617   -0.179541 
     24          6           0        2.398878    1.187081   -1.143133 
     25          6           0        2.592788    2.539992   -1.529340 
     26          6           0        3.597631    3.294984   -0.989629 
     27          6           0        4.461644    2.760062   -0.008134 
     28          6           0        4.271293    1.413690    0.414302 
     29          6           0        5.492859    3.534506    0.575411 
     30          6           0        6.298281    3.010796    1.552780 
     31          6           0        6.097035    1.685250    1.993647 
     32          6           0        5.111331    0.907953    1.439997 
     33         15           0        0.587533    0.022676    1.485555 
     34         15           0        0.935158    0.287088   -1.817043 
     35          1           0       -3.891779   -4.857949   -1.889851 
     36          1           0       -3.930052   -5.316694    0.558053 
     37          1           0       -3.589621   -3.463153    2.164233 
     38          1           0       -3.501550   -2.543026   -2.697713 
     39          1           0       -4.705550   -1.598500    2.929102 
     40          1           0       -4.697215    0.383870    4.411754 
     41          1           0       -3.299239    2.357933    3.797938 
     42          1           0       -1.834350    2.267459    1.813579 
     43          1           0        6.526727   -4.520193   -1.275366 
     44          1           0        4.585176   -5.131988    0.138860 
     45          1           0        5.249977   -0.419716   -1.294761 
     46          1           0        6.836685   -2.155846   -1.996684 
     47          1           0        2.525029   -4.502618    1.295964 
     48          1           0        0.900380   -2.805119    1.963668 
     49          1           0        1.920695    2.995442   -2.250345 
     50          1           0        3.731643    4.331314   -1.299361 
     51          1           0        5.625747    4.560893    0.233201 
     52          1           0        7.086639    3.615478    1.997150 
     53          1           0        6.729238    1.277007    2.780109 
     54          1           0        4.963657   -0.111509    1.791997 
     55          6           0        0.616214    1.179780   -3.388511 
     56          1           0       -0.040956    0.561651   -4.010535 
     57          1           0        0.109699    2.128469   -3.179124 
     58          1           0        1.549230    1.355578   -3.938472 
     59          6           0        1.579563   -1.298102   -2.493951 
     60          1           0        0.824523   -1.685808   -3.190132 
     61          1           0        2.522063   -1.155642   -3.038294 
     62          1           0        1.719558   -2.042694   -1.705282 
     63          6           0        1.333677    1.562323    2.135492 
     64          1           0        2.238500    1.353676    2.719981 
     65          1           0        1.546761    2.263069    1.323582 
     66          1           0        0.580953    2.028113    2.783013 
     67          6           0       -0.056321   -0.731534    3.028597 
     68          1           0       -0.724769   -0.013272    3.514279 
     69          1           0       -0.649047   -1.626399    2.811022 
     70          1           0        0.776493   -0.978999    3.699288 
     71         77           0       -0.912713    0.163786   -0.271973 
     72          6           0       -2.058261   -0.146941   -2.205459 
     73          6           0       -3.057128   -0.327494   -1.247885 
     74          1           0       -1.598794   -1.028111   -2.654610 
     75          1           0       -2.065732    0.755100   -2.815518 
     76          6           0       -4.127432    0.689772   -1.049149 
     77          6           0       -5.375433    0.298638   -0.550783 
     78          6           0       -3.947044    2.033057   -1.401795 
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     79          6           0       -6.406977    1.218278   -0.403455 
     80          1           0       -5.548705   -0.740813   -0.278159 
     81          6           0       -4.975156    2.950644   -1.246138 
     82          1           0       -2.973723    2.380896   -1.741279 
     83          6           0       -6.210932    2.549831   -0.746347 
     84          1           0       -7.367948    0.886266   -0.013668 
     85          1           0       -4.801301    3.993145   -1.507446 
     86          1           0       -7.014308    3.274405   -0.622213 
     87          1           0       -0.848762   -1.430705   -0.172026 
     88         17           0       -0.763107    2.731114   -0.549513 
 --------------------------------------------------------------------- 
 
TS4 (NIMGA = 1, 268.97i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.162698    3.754950   -1.541900 
      2          6           0        4.110872    4.267787   -0.246404 
      3          6           0        3.778226    3.441872    0.819410 
      4          6           0        3.486177    2.098824    0.586068 
      5          6           0        3.531542    1.584656   -0.714660 
      6          6           0        3.867662    2.415887   -1.778643 
      7          6           0        2.600954   -0.103547    1.048980 
      8          6           0        3.186392    1.069004    1.569949 
      9          6           0        3.662832    1.111051    2.884947 
     10          6           0        3.610249   -0.023337    3.678413 
     11          6           0        3.125246   -1.219516    3.140954 
     12          6           0        2.655324   -1.267702    1.835448 
     13          6           0       -5.856602    3.771135   -1.014682 
     14          6           0       -4.833031    4.100625   -0.164901 
     15          6           0       -3.908854    3.121643    0.271686 
     16          6           0       -4.052580    1.773646   -0.164785 
     17          6           0       -5.115532    1.469888   -1.054413 
     18          6           0       -5.991468    2.441656   -1.467968 
     19          6           0       -2.825211    3.451386    1.116675 
     20          6           0       -1.928465    2.496345    1.509838 
     21          6           0       -2.059137    1.141230    1.103996 
     22          6           0       -3.111354    0.785752    0.271525 
     23          6           0       -3.282380   -0.614984   -0.206065 
     24          6           0       -2.444312   -1.160302   -1.169470 
     25          6           0       -2.635878   -2.507227   -1.576764 
     26          6           0       -3.649679   -3.266988   -1.061990 
     27          6           0       -4.524270   -2.742341   -0.084339 
     28          6           0       -4.333141   -1.403521    0.362245 
     29          6           0       -5.566656   -3.521422    0.472675 
     30          6           0       -6.383384   -3.009556    1.446874 
     31          6           0       -6.182180   -1.692207    1.911527 
     32          6           0       -5.185161   -0.911052    1.384612 
     33         15           0       -0.670082   -0.008691    1.506449 
     34         15           0       -0.959983   -0.268706   -1.798633 
     35          1           0        4.439936    4.401776   -2.372475 
     36          1           0        4.332654    5.318956   -0.069117 
     37          1           0        3.728642    3.842271    1.832092 
     38          1           0        3.926153    2.008527   -2.787791 
     39          1           0        4.135983    2.020392    3.257419 
     40          1           0        3.992456    0.004602    4.697701 
     41          1           0        3.117707   -2.124160    3.748277 
     42          1           0        2.278986   -2.206429    1.427620 
     43          1           0       -6.560850    4.531160   -1.348056 
     44          1           0       -4.706967    5.124882    0.186618 
     45          1           0       -5.227774    0.449038   -1.414872 
     46          1           0       -6.798304    2.185058   -2.152175 
     47          1           0       -2.709535    4.484816    1.444209 
     48          1           0       -1.094160    2.789479    2.142844 
     49          1           0       -1.952180   -2.954561   -2.292386 
     50          1           0       -3.782877   -4.298487   -1.387823 
     51          1           0       -5.699110   -4.541507    0.111838 
     52          1           0       -7.180670   -3.617640    1.870354 
     53          1           0       -6.823505   -1.293524    2.695569 
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     54          1           0       -5.037701    0.101351    1.755933 
     55          6           0       -0.568653   -1.134394   -3.364211 
     56          1           0        0.164189   -0.525536   -3.907014 
     57          1           0       -0.112917   -2.107586   -3.151619 
     58          1           0       -1.462156   -1.255261   -3.990177 
     59          6           0       -1.532885    1.344529   -2.455090 
     60          1           0       -0.713581    1.738781   -3.071068 
     61          1           0       -2.433733    1.237254   -3.073400 
     62          1           0       -1.719206    2.060667   -1.650006 
     63          6           0       -1.402697   -1.538050    2.202479 
     64          1           0       -2.190045   -1.316830    2.934805 
     65          1           0       -1.788736   -2.190178    1.414790 
     66          1           0       -0.581435   -2.075389    2.694284 
     67          6           0        0.025788    0.725978    3.037538 
     68          1           0        0.729355    0.000474    3.462791 
     69          1           0        0.592973    1.636279    2.816829 
     70          1           0       -0.761572    0.939982    3.771673 
     71         77           0        0.777524   -0.180694   -0.324499 
     72          6           0        2.226143   -0.160222   -1.892957 
     73          6           0        3.230595    0.129539   -0.883428 
     74          1           0        2.011793    0.671321   -2.570932 
     75          1           0        2.317998   -1.119884   -2.406409 
     76          6           0        4.385393   -0.824510   -0.742494 
     77          6           0        5.664200   -0.352142   -0.434946 
     78          6           0        4.205678   -2.198157   -0.942960 
     79          6           0        6.740246   -1.228641   -0.341557 
     80          1           0        5.826233    0.712838   -0.275587 
     81          6           0        5.280210   -3.069313   -0.837746 
     82          1           0        3.207093   -2.591812   -1.135556 
     83          6           0        6.553812   -2.590477   -0.541740 
     84          1           0        7.730152   -0.838058   -0.110392 
     85          1           0        5.117903   -4.135790   -0.986098 
     86          1           0        7.395092   -3.277550   -0.465577 
     87          1           0        0.757566    1.423063   -0.363247 
     88         17           0        0.695024   -2.757943   -0.455593 
 --------------------------------------------------------------------- 
 
Int7 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0        0.688472   -0.401814    0.058184 
      2         17           0        0.434411   -2.956179    0.054997 
      3         15           0       -0.997578   -0.109245    1.717859 
      4         15           0       -0.784786   -0.387738   -1.610184 
      5          6           0       -2.056631    2.484534    1.527858 
      6          6           0       -2.216540    1.137003    1.107580 
      7          6           0       -3.146228    0.848054    0.118533 
      8          6           0       -3.935788    1.892910   -0.462041 
      9          6           0       -3.771091    3.231940   -0.005321 
     10          6           0       -2.813378    3.494446    0.999909 
     11          6           0       -4.860598    1.654575   -1.511218 
     12          6           0       -5.591790    2.679992   -2.056168 
     13          6           0       -5.442246    4.000710   -1.582256 
     14          6           0       -4.547095    4.267269   -0.579358 
     15          6           0       -2.402527   -1.161591   -1.195446 
     16          6           0       -2.622713   -2.498582   -1.622167 
     17          6           0       -3.753733   -3.179004   -1.265961 
     18          6           0       -4.726295   -2.582559   -0.432660 
     19          6           0       -4.515180   -1.251596    0.028378 
     20          6           0       -3.338632   -0.543734   -0.376704 
     21          6           0       -5.885236   -3.286035   -0.027083 
     22          6           0       -6.796876   -2.709658    0.818529 
     23          6           0       -6.581747   -1.399513    1.296855 
     24          6           0       -5.473042   -0.689145    0.911154 
     25          6           0       -0.518343    0.598286    3.345193 
     26          6           0       -1.951556   -1.563300    2.304699 
     27          6           0       -1.123519    1.257853   -2.333486 
     28          6           0       -0.234350   -1.307963   -3.090523 
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     29          1           0       -1.313102    2.727249    2.283279 
     30          1           0       -2.679271    4.520614    1.342919 
     31          1           0       -4.982134    0.641190   -1.889506 
     32          1           0       -6.294147    2.473387   -2.861762 
     33          1           0       -6.031877    4.803858   -2.020343 
     34          1           0       -4.409992    5.283322   -0.208667 
     35          1           0       -1.872433   -3.005304   -2.221383 
     36          1           0       -3.906261   -4.204169   -1.602806 
     37          1           0       -6.029381   -4.301746   -0.395528 
     38          1           0       -7.682324   -3.261586    1.128663 
     39          1           0       -7.300779   -0.950566    1.979755 
     40          1           0       -5.316351    0.318059    1.292408 
     41          1           0       -0.189954    1.591260   -2.805236 
     42          1           0       -1.919868    1.204463   -3.087633 
     43          1           0       -1.389365    1.986620   -1.563347 
     44          1           0        0.120328   -2.303421   -2.803590 
     45          1           0       -1.043081   -1.380729   -3.828723 
     46          1           0        0.605115   -0.761669   -3.533403 
     47          1           0       -1.257529   -2.161370    2.909933 
     48          1           0       -2.818355   -1.271496    2.911957 
     49          1           0       -2.267035   -2.193656    1.469095 
     50          1           0        0.173847    1.438239    3.221156 
     51          1           0       -1.396962    0.911481    3.923943 
     52          1           0        0.016231   -0.181387    3.899759 
     53          6           0        3.066106   -0.099246    0.989175 
     54          6           0        3.235546    1.154284    1.631975 
     55          6           0        3.088226    1.260968    3.002951 
     56          6           0        2.751891    0.115755    3.738520 
     57          6           0        2.545614   -1.104434    3.113765 
     58          6           0        2.715372   -1.231500    1.723381 
     59          6           0        3.744974    1.465919   -0.612728 
     60          6           0        3.624161    2.128879    0.618070 
     61          6           0        3.852346    3.498095    0.713030 
     62          6           0        4.201439    4.199947   -0.435968 
     63          6           0        4.325508    3.539521   -1.659204 
     64          6           0        4.102974    2.166928   -1.752087 
     65          1           0        3.253778    2.212098    3.509543 
     66          1           0        2.642710    0.191319    4.820168 
     67          1           0        2.280153   -1.983665    3.699234 
     68          1           0        2.649853   -2.206781    1.242435 
     69          1           0        3.755169    4.012797    1.669250 
     70          1           0        4.382236    5.272179   -0.380877 
     71          1           0        4.605567    4.103029   -2.547979 
     72          1           0        4.221532    1.646863   -2.703511 
     73          6           0        2.297317   -0.518311   -1.310792 
     74          6           0        3.487401   -0.026742   -0.476308 
     75          1           0        2.195794    0.079982   -2.228732 
     76          1           0        2.421938   -1.575796   -1.586476 
     77          6           0        4.803014   -0.762984   -0.734813 
     78          6           0        5.788369   -0.837828    0.253032 
     79          6           0        5.078980   -1.310388   -1.987981 
     80          6           0        7.007635   -1.453424    0.000001 
     81          1           0        5.597998   -0.411702    1.239255 
     82          6           0        6.300743   -1.925125   -2.245292 
     83          1           0        4.322817   -1.261622   -2.770855 
     84          6           0        7.269329   -2.001778   -1.251986 
     85          1           0        7.757771   -1.507843    0.787729 
     86          1           0        6.491023   -2.352151   -3.229103 
     87          1           0        8.222959   -2.488660   -1.449679 
     88          1           0        0.830719    1.196171   -0.051816 
 --------------------------------------------------------------------- 
 
Int8 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0        0.729132   -1.116357   -0.061497 
      2         17           0        1.677597   -3.172703    0.957025 
      3         15           0       -0.416253    0.426626   -1.264157 
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      4         15           0       -1.134542   -1.499974    1.392360 
      5          6           0       -2.278029   -0.980754   -2.811117 
      6          6           0       -2.101554   -0.257887   -1.601111 
      7          6           0       -3.135908   -0.225837   -0.675827 
      8          6           0       -4.365170   -0.910493   -0.948543 
      9          6           0       -4.526261   -1.604891   -2.181576 
     10          6           0       -3.451414   -1.621841   -3.098597 
     11          6           0       -5.431489   -0.954407   -0.013499 
     12          6           0       -6.594342   -1.624730   -0.298121 
     13          6           0       -6.757811   -2.288175   -1.532489 
     14          6           0       -5.740952   -2.279515   -2.451121 
     15          6           0       -2.227804   -0.038649    1.654219 
     16          6           0       -2.120864    0.679929    2.874396 
     17          6           0       -2.771132    1.869330    3.063600 
     18          6           0       -3.569067    2.428021    2.040211 
     19          6           0       -3.689573    1.729248    0.804214 
     20          6           0       -3.004113    0.485842    0.628139 
     21          6           0       -4.230831    3.667622    2.211089 
     22          6           0       -4.975515    4.212219    1.197920 
     23          6           0       -5.085529    3.533177   -0.034531 
     24          6           0       -4.463070    2.325499   -0.225870 
     25          6           0        0.206293    0.805108   -2.947482 
     26          6           0       -0.709853    2.141036   -0.672177 
     27          6           0       -2.218289   -2.887996    0.870232 
     28          6           0       -0.743165   -2.053124    3.096404 
     29          1           0       -1.463356   -1.035879   -3.529390 
     30          1           0       -3.568185   -2.163592   -4.037287 
     31          1           0       -5.315981   -0.452436    0.945102 
     32          1           0       -7.397780   -1.647083    0.435897 
     33          1           0       -7.687233   -2.812263   -1.747265 
     34          1           0       -5.845342   -2.798175   -3.404256 
     35          1           0       -1.508651    0.281389    3.680417 
     36          1           0       -2.679436    2.403403    4.009917 
     37          1           0       -4.128211    4.181473    3.167173 
     38          1           0       -5.476834    5.168263    1.337074 
     39          1           0       -5.669740    3.972828   -0.840975 
     40          1           0       -4.554534    1.816251   -1.183657 
     41          1           0       -1.610248   -3.796974    0.965552 
     42          1           0       -3.114396   -2.971935    1.498754 
     43          1           0       -2.515714   -2.789253   -0.178193 
     44          1           0       -0.059539   -1.357362    3.593507 
     45          1           0       -1.650317   -2.184686    3.700059 
     46          1           0       -0.215932   -3.008086    2.995991 
     47          1           0        0.205260    2.719094   -0.852129 
     48          1           0       -1.537303    2.596016   -1.232278 
     49          1           0       -0.937479    2.168077    0.397626 
     50          1           0        0.473470   -0.106119   -3.492427 
     51          1           0       -0.538881    1.374720   -3.517430 
     52          1           0        1.117559    1.406306   -2.844179 
     53          6           0        2.687476    0.650314    0.748198 
     54          6           0        2.392165    2.024523    0.616856 
     55          6           0        1.750409    2.717616    1.630894 
     56          6           0        1.401591    2.038432    2.800044 
     57          6           0        1.719757    0.695571    2.951761 
     58          6           0        2.371349   -0.016498    1.930996 
     59          6           0        3.449550    1.379429   -1.347032 
     60          6           0        2.861175    2.470221   -0.692136 
     61          6           0        2.770689    3.713800   -1.315337 
     62          6           0        3.283114    3.857467   -2.600463 
     63          6           0        3.878148    2.774302   -3.250766 
     64          6           0        3.963180    1.530506   -2.627226 
     65          1           0        1.519676    3.777835    1.520067 
     66          1           0        0.892870    2.569457    3.603576 
     67          1           0        1.493194    0.189089    3.890036 
     68          1           0        2.675942   -1.050521    2.088543 
     69          1           0        2.307599    4.560106   -0.806340 
     70          1           0        3.222652    4.821797   -3.102286 
     71          1           0        4.281691    2.904513   -4.253699 
     72          1           0        4.432757    0.683657   -3.129399 
     73          6           0        2.515257   -0.956269   -1.190414 
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     74          6           0        3.407665    0.120669   -0.503841 
     75          1           0        2.365509   -0.696645   -2.246165 
     76          1           0        2.997235   -1.939766   -1.173878 
     77          6           0        4.803638   -0.368220   -0.107377 
     78          6           0        5.915192    0.477380   -0.166599 
     79          6           0        4.979360   -1.651713    0.421432 
     80          6           0        7.166887    0.049770    0.264765 
     81          1           0        5.807742    1.487976   -0.558908 
     82          6           0        6.229305   -2.076166    0.857018 
     83          1           0        4.129605   -2.330382    0.505370 
     84          6           0        7.331007   -1.230966    0.777279 
     85          1           0        8.017267    0.727417    0.199529 
     86          1           0        6.338746   -3.080692    1.263474 
     87          1           0        8.309706   -1.568586    1.115040 
     88          1           0        0.137348   -2.116956   -1.118255 
 --------------------------------------------------------------------- 
 
TS5 (NIMGA = 1, 665.43i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0        0.588955   -1.112774   -0.304138 
      2         17           0        1.647444   -3.094984    0.668878 
      3         15           0       -0.616461    0.440523   -1.385579 
      4         15           0       -1.159407   -1.540061    1.197338 
      5          6           0       -2.642612   -0.865951   -2.814233 
      6          6           0       -2.353940   -0.168833   -1.610209 
      7          6           0       -3.315290   -0.133145   -0.609437 
      8          6           0       -4.577762   -0.785632   -0.792672 
      9          6           0       -4.850153   -1.452456   -2.021402 
     10          6           0       -3.850119   -1.474203   -3.019768 
     11          6           0       -5.567071   -0.828592    0.223040 
     12          6           0       -6.761999   -1.472828    0.020058 
     13          6           0       -7.035315   -2.110297   -1.208499 
     14          6           0       -6.094407   -2.100475   -2.205154 
     15          6           0       -2.177687   -0.059718    1.613628 
     16          6           0       -1.923278    0.597046    2.846839 
     17          6           0       -2.526686    1.785304    3.158395 
     18          6           0       -3.416897    2.403282    2.251816 
     19          6           0       -3.676821    1.770851    1.001766 
     20          6           0       -3.043539    0.524460    0.699335 
     21          6           0       -4.039989    3.638606    2.551417 
     22          6           0       -4.877778    4.239056    1.648335 
     23          6           0       -5.121440    3.627876    0.399607 
     24          6           0       -4.537728    2.427144    0.084290 
     25          6           0       -0.137788    0.815460   -3.121187 
     26          6           0       -0.771913    2.165130   -0.761034 
     27          6           0       -2.287660   -2.877980    0.657984 
     28          6           0       -0.646245   -2.171241    2.837183 
     29          1           0       -1.885717   -0.931416   -3.592195 
     30          1           0       -4.051427   -1.999053   -3.953904 
     31          1           0       -5.367095   -0.346294    1.178025 
     32          1           0       -7.504999   -1.494733    0.815284 
     33          1           0       -7.988852   -2.613551   -1.357417 
     34          1           0       -6.282976   -2.599710   -3.155802 
     35          1           0       -1.237191    0.150653    3.563319 
     36          1           0       -2.325805    2.273207    4.112424 
     37          1           0       -3.833841    4.103681    3.515612 
     38          1           0       -5.351244    5.189717    1.886663 
     39          1           0       -5.778196    4.114469   -0.319218 
     40          1           0       -4.725889    1.965628   -0.883624 
     41          1           0       -1.690943   -3.798412    0.680664 
     42          1           0       -3.150478   -2.973098    1.330420 
     43          1           0       -2.632529   -2.721336   -0.367505 
     44          1           0        0.147849   -1.550009    3.266545 
     45          1           0       -1.502347   -2.236886    3.520934 
     46          1           0       -0.211472   -3.162392    2.673458 
     47          1           0        0.205549    2.647805   -0.895360 
     48          1           0       -1.532743    2.725416   -1.321469 
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     49          1           0       -1.021491    2.188379    0.304369 
     50          1           0        0.130420   -0.095451   -3.667858 
     51          1           0       -0.942481    1.342272   -3.649921 
     52          1           0        0.741889    1.466207   -3.087512 
     53          6           0        4.831909    0.070525   -0.596184 
     54          6           0        5.367736   -0.396205    0.612477 
     55          6           0        6.690653   -0.816518    0.686318 
     56          6           0        7.478090   -0.762528   -0.459762 
     57          6           0        6.949489   -0.288475   -1.658718 
     58          6           0        5.620691    0.128277   -1.733238 
     59          6           0        3.173738    0.222791    1.070438 
     60          6           0        4.339623   -0.298561    1.644080 
     61          6           0        4.400459   -0.595345    3.003231 
     62          6           0        3.296129   -0.322057    3.800042 
     63          6           0        2.152989    0.253369    3.244530 
     64          6           0        2.081840    0.518693    1.877790 
     65          1           0        7.106561   -1.180477    1.625587 
     66          1           0        8.516344   -1.087626   -0.418416 
     67          1           0        7.578725   -0.242771   -2.546095 
     68          1           0        5.221234    0.506722   -2.674093 
     69          1           0        5.304725   -1.019497    3.438650 
     70          1           0        3.330979   -0.537234    4.866816 
     71          1           0        1.309533    0.511225    3.886280 
     72          1           0        1.187112    0.974585    1.449793 
     73          6           0        2.629771   -0.770392   -1.223028 
     74          6           0        3.339014    0.387266   -0.436980 
     75          1           0        2.838917   -0.596902   -2.290011 
     76          1           0        3.136009   -1.706871   -0.962002 
     77          6           0        3.045505    1.790412   -0.956006 
     78          6           0        2.948898    2.884261   -0.089829 
     79          6           0        2.985587    2.055292   -2.329744 
     80          6           0        2.764111    4.176943   -0.571270 
     81          1           0        3.022987    2.726328    0.983814 
     82          6           0        2.802751    3.345462   -2.816312 
     83          1           0        3.079454    1.240596   -3.047628 
     84          6           0        2.682415    4.416247   -1.937633 
     85          1           0        2.686950    5.002639    0.134522 
     86          1           0        2.756229    3.510617   -3.892076 
     87          1           0        2.537080    5.426460   -2.316027 
     88          1           0        1.377406   -1.335416   -1.725542 
 --------------------------------------------------------------------- 
 
Int9 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0        0.081997   -1.712993   -0.262057 
      2         17           0        1.316106   -3.562520    0.545122 
      3         15           0       -0.849368   -0.071166   -1.457270 
      4         15           0       -1.494963   -1.614131    1.229827 
      5          6           0       -3.263183   -0.796933   -2.709654 
      6          6           0       -2.688797   -0.184207   -1.566023 
      7          6           0       -3.501719    0.134103   -0.486301 
      8          6           0       -4.898337   -0.176918   -0.519116 
      9          6           0       -5.453830   -0.778738   -1.685488 
     10          6           0       -4.602157   -1.071565   -2.774284 
     11          6           0       -5.757745    0.058292    0.584877 
     12          6           0       -7.090490   -0.263036    0.524483 
     13          6           0       -7.640209   -0.834549   -0.642778 
     14          6           0       -6.834318   -1.088011   -1.722043 
     15          6           0       -2.123539    0.071036    1.611681 
     16          6           0       -1.604491    0.723222    2.761116 
     17          6           0       -1.899544    2.031153    3.031992 
     18          6           0       -2.712125    2.783726    2.154524 
     19          6           0       -3.231309    2.155176    0.985116 
     20          6           0       -2.939598    0.776044    0.736223 
     21          6           0       -3.000887    4.146623    2.402873 
     22          6           0       -3.755101    4.876149    1.521418 
     23          6           0       -4.247670    4.267514    0.347392 
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     24          6           0       -3.995755    2.944234    0.087064 
     25          6           0       -0.311820   -0.104014   -3.216722 
     26          6           0       -0.488471    1.696816   -1.087067 
     27          6           0       -2.950955   -2.683568    0.921776 
     28          6           0       -0.928688   -2.264505    2.845281 
     29          1           0       -2.631320   -1.058387   -3.555708 
     30          1           0       -5.028347   -1.534233   -3.664740 
     31          1           0       -5.345894    0.493431    1.493587 
     32          1           0       -7.729878   -0.075738    1.385272 
     33          1           0       -8.699885   -1.080082   -0.678690 
     34          1           0       -7.239991   -1.540444   -2.627160 
     35          1           0       -0.965259    0.173845    3.448937 
     36          1           0       -1.501183    2.513313    3.924776 
     37          1           0       -2.600910    4.604186    3.307843 
     38          1           0       -3.968902    5.924945    1.718872 
     39          1           0       -4.833430    4.854397   -0.357767 
     40          1           0       -4.377847    2.489052   -0.824562 
     41          1           0       -2.595343   -3.718865    0.995571 
     42          1           0       -3.740653   -2.509305    1.666166 
     43          1           0       -3.353213   -2.533297   -0.083624 
     44          1           0        0.003819   -1.779452    3.155228 
     45          1           0       -1.701541   -2.152148    3.617678 
     46          1           0       -0.698868   -3.325215    2.694433 
     47          1           0        0.548463    1.885752   -1.396604 
     48          1           0       -1.155569    2.369042   -1.643990 
     49          1           0       -0.565733    1.912241   -0.017474 
     50          1           0       -0.425018   -1.104378   -3.647736 
     51          1           0       -0.853827    0.632430   -3.825378 
     52          1           0        0.754982    0.153465   -3.229292 
     53          6           0        5.404097    0.166982   -0.562898 
     54          6           0        5.899305    0.064159    0.743860 
     55          6           0        7.266910   -0.042112    0.973716 
     56          6           0        8.131873   -0.038759   -0.116457 
     57          6           0        7.638009    0.072459   -1.415725 
     58          6           0        6.266728    0.176971   -1.645910 
     59          6           0        3.585774    0.222684    0.931356 
     60          6           0        4.770686    0.097156    1.670886 
     61          6           0        4.740339    0.029561    3.060116 
     62          6           0        3.509903    0.095256    3.705429 
     63          6           0        2.332585    0.224386    2.969480 
     64          6           0        2.360273    0.290304    1.576773 
     65          1           0        7.656759   -0.127235    1.987925 
     66          1           0        9.205368   -0.121428    0.046024 
     67          1           0        8.329035    0.079226   -2.257024 
     68          1           0        5.880837    0.274493   -2.661602 
     69          1           0        5.662123   -0.070963    3.632724 
     70          1           0        3.465520    0.045417    4.792295 
     71          1           0        1.375354    0.288236    3.488485 
     72          1           0        1.428327    0.360189    1.007831 
     73          6           0        3.308232   -1.026352   -1.215385 
     74          6           0        3.880707    0.239320   -0.562359 
     75          1           0        3.695195   -1.180769   -2.231079 
     76          1           0        3.548510   -1.913690   -0.618253 
     77          6           0        3.413560    1.515644   -1.253319 
     78          6           0        3.401256    2.730040   -0.559170 
     79          6           0        3.051311    1.529865   -2.602813 
     80          6           0        3.020253    3.910185   -1.184901 
     81          1           0        3.690794    2.743261    0.491170 
     82          6           0        2.666456    2.711019   -3.233332 
     83          1           0        3.070770    0.606570   -3.180835 
     84          6           0        2.644786    3.906162   -2.525673 
     85          1           0        3.014613    4.840645   -0.619196 
     86          1           0        2.382055    2.690657   -4.284834 
     87          1           0        2.340626    4.830049   -3.014623 
     88          1           0        2.203001   -0.954326   -1.271732 
 --------------------------------------------------------------------- 
 
3aa (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
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 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -1.255164   -3.443699    0.025796 
      2          6           0       -2.460193   -3.006636   -0.524030 
      3          6           0       -2.741352   -1.647593   -0.630840 
      4          6           0       -1.798965   -0.731461   -0.174896 
      5          6           0       -0.591816   -1.173863    0.385170 
      6          6           0       -0.311366   -2.525640    0.485141 
      7          6           0       -1.798973    0.731444   -0.174895 
      8          6           0       -0.591829    1.173859    0.385171 
      9          6           0        0.256930    0.000002    0.847990 
     10          6           0       -2.741372    1.647566   -0.630835 
     11          6           0       -2.460230    3.006612   -0.524021 
     12          6           0       -1.255206    3.443687    0.025806 
     13          6           0       -0.311395    2.525639    0.485146 
     14          6           0        1.631340    0.000009    0.190347 
     15          6           0        0.315443    0.000003    2.379640 
     16          6           0        2.822899   -0.000006    0.912373 
     17          6           0        4.054332    0.000000    0.257033 
     18          6           0        4.110521    0.000021   -1.128995 
     19          6           0        2.925182    0.000033   -1.861905 
     20          6           0        1.703233    0.000024   -1.207631 
     21          1           0       -1.049148   -4.510704    0.092649 
     22          1           0       -3.185421   -3.736718   -0.879969 
     23          1           0       -3.680929   -1.308593   -1.067284 
     24          1           0        0.637836   -2.864032    0.903650 
     25          1           0       -3.680945    1.308555   -1.067279 
     26          1           0       -3.185468    3.736685   -0.879956 
     27          1           0       -1.049203    4.510695    0.092663 
     28          1           0        0.637803    2.864041    0.903655 
     29          1           0       -0.703602   -0.000116    2.785554 
     30          1           0        0.830534    0.892325    2.760169 
     31          1           0        0.830747   -0.892200    2.760162 
     32          1           0        2.806617   -0.000028    2.000522 
     33          1           0        4.972664   -0.000014    0.842504 
     34          1           0        5.071953    0.000024   -1.639887 
     35          1           0        2.955670    0.000046   -2.950294 
     36          1           0        0.778787    0.000030   -1.786256 
 --------------------------------------------------------------------- 
 
TS6 (NIMGA = 1, 415.00i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -5.286585   -2.983209    1.496484 
      2          6           0       -4.623947   -2.566073    2.644401 
      3          6           0       -3.769585   -1.471859    2.586073 
      4          6           0       -3.557705   -0.790594    1.386819 
      5          6           0       -4.206959   -1.226031    0.222703 
      6          6           0       -5.072285   -2.312267    0.297576 
      7          6           0       -1.894393    0.745242    0.247189 
      8          6           0       -2.765123    0.449161    1.328078 
      9          6           0       -2.998979    1.429227    2.303967 
     10          6           0       -2.498461    2.717166    2.193023 
     11          6           0       -1.784446    3.054857    1.046037 
     12          6           0       -1.515756    2.092374    0.086459 
     13          6           0        5.227280    3.672862    2.472117 
     14          6           0        4.243964    4.143044    1.641569 
     15          6           0        3.512629    3.260150    0.811839 
     16          6           0        3.812119    1.867389    0.827318 
     17          6           0        4.830829    1.414061    1.706107 
     18          6           0        5.516046    2.292146    2.506830 
     19          6           0        2.482733    3.727137   -0.034834 
     20          6           0        1.762597    2.854305   -0.802354 
     21          6           0        2.029806    1.458808   -0.794084 
     22          6           0        3.066171    0.971170   -0.004577 
     23          6           0        3.450800   -0.471532    0.004633 
     24          6           0        2.678791   -1.437328    0.636872 
     25          6           0        3.092274   -2.795827    0.606459 
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     26          6           0        4.249663   -3.171791   -0.016716 
     27          6           0        5.057126   -2.217443   -0.677213 
     28          6           0        4.652418   -0.850899   -0.676631 
     29          6           0        6.241285   -2.595745   -1.353122 
     30          6           0        6.995613   -1.667928   -2.023114 
     31          6           0        6.588336   -0.317495   -2.045687 
     32          6           0        5.450611    0.080941   -1.390134 
     33         15           0        0.806913    0.356603   -1.620481 
     34         15           0        0.977443   -1.101401    1.236145 
     35          1           0       -5.959645   -3.838283    1.528918 
     36          1           0       -4.770198   -3.092008    3.586669 
     37          1           0       -3.246645   -1.136933    3.483286 
     38          1           0       -5.582728   -2.642680   -0.608263 
     39          1           0       -3.657649    1.174570    3.135373 
     40          1           0       -2.711572    3.460964    2.958204 
     41          1           0       -1.419679    4.071410    0.898040 
     42          1           0       -0.953137    2.385237   -0.794673 
     43          1           0        5.782557    4.358240    3.109634 
     44          1           0        4.000974    5.205180    1.609426 
     45          1           0        5.060577    0.351036    1.746368 
     46          1           0        6.288482    1.920083    3.177457 
     47          1           0        2.264783    4.794842   -0.060948 
     48          1           0        0.971960    3.247508   -1.437839 
     49          1           0        2.472680   -3.554088    1.080681 
     50          1           0        4.558467   -4.217148   -0.023987 
     51          1           0        6.534380   -3.645542   -1.335891 
     52          1           0        7.902384   -1.969312   -2.544161 
     53          1           0        7.182396    0.415413   -2.588696 
     54          1           0        5.147356    1.126027   -1.416391 
     55          6           0        0.643601   -2.413549    2.465310 
     56          1           0       -0.302957   -2.150323    2.954352 
     57          1           0        0.481323   -3.379892    1.979186 
     58          1           0        1.445756   -2.470645    3.212365 
     59          6           0        1.046338    0.365248    2.335478 
     60          1           0        0.095476    0.379614    2.885643 
     61          1           0        1.883285    0.303103    3.044026 
     62          1           0        1.107017    1.296775    1.765032 
     63          6           0        1.774637   -0.849229   -2.617871 
     64          1           0        2.609681   -0.358059   -3.136237 
     65          1           0        2.154544   -1.669970   -2.003735 
     66          1           0        1.086172   -1.274211   -3.359222 
     67          6           0        0.170096    1.364055   -3.025314 
     68          1           0       -0.423710    0.689691   -3.655246 
     69          1           0       -0.480568    2.191305   -2.728003 
     70          1           0        1.004640    1.757893   -3.619836 
     71         77           0       -0.656174   -0.805817   -0.341426 
     72          6           0       -2.539294   -0.192972   -1.441338 
     73          6           0       -4.011266   -0.504755   -1.090611 
     74          1           0       -2.147452   -1.014069   -2.085161 
     75          1           0       -2.465464    0.726641   -2.030549 
     76          6           0       -4.876245    0.742969   -1.239157 
     77          6           0       -5.015931    1.305724   -2.512572 
     78          6           0       -5.554228    1.344011   -0.179810 
     79          6           0       -5.786581    2.441907   -2.720283 
     80          1           0       -4.515581    0.830907   -3.359297 
     81          6           0       -6.323079    2.486673   -0.381336 
     82          1           0       -5.483257    0.912085    0.816908 
     83          6           0       -6.441196    3.042978   -1.648975 
     84          1           0       -5.883116    2.856190   -3.723179 
     85          1           0       -6.836703    2.942440    0.464114 
     86          1           0       -7.046320    3.934676   -1.805038 
     87          1           0       -4.367983   -1.200370   -1.869568 
     88         17           0       -1.549578   -3.024756    0.102321 
 --------------------------------------------------------------------- 
 
Int10 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
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      1          6           0       -3.216422   -2.139794    2.753200 
      2          6           0       -2.964628   -1.101579    3.645796 
      3          6           0       -2.828837    0.198076    3.174516 
      4          6           0       -2.954580    0.496824    1.811261 
      5          6           0       -3.223325   -0.555429    0.914578 
      6          6           0       -3.346576   -1.859933    1.396430 
      7          6           0       -2.522612    2.047069   -0.080684 
      8          6           0       -2.774523    1.867636    1.292188 
      9          6           0       -2.799371    2.992951    2.122879 
     10          6           0       -2.538391    4.262035    1.624378 
     11          6           0       -2.263416    4.431814    0.271281 
     12          6           0       -2.273771    3.326304   -0.570509 
     13          6           0        2.886094    5.182462    0.128098 
     14          6           0        1.997897    4.721338   -0.808771 
     15          6           0        1.875263    3.336426   -1.069812 
     16          6           0        2.684933    2.409173   -0.352248 
     17          6           0        3.587550    2.920140    0.615897 
     18          6           0        3.685445    4.268955    0.847643 
     19          6           0        0.950256    2.845512   -2.018646 
     20          6           0        0.804236    1.501219   -2.223420 
     21          6           0        1.584536    0.557818   -1.503593 
     22          6           0        2.528684    1.006434   -0.588465 
     23          6           0        3.352357    0.046166    0.200279 
     24          6           0        2.778956   -0.719173    1.206454 
     25          6           0        3.586544   -1.637893    1.924728 
     26          6           0        4.923166   -1.769359    1.660825 
     27          6           0        5.536292   -1.010678    0.638191 
     28          6           0        4.740701   -0.098053   -0.113445 
     29          6           0        6.911450   -1.151372    0.333937 
     30          6           0        7.481930   -0.435779   -0.686344 
     31          6           0        6.692578    0.449585   -1.450911 
     32          6           0        5.359218    0.614718   -1.172718 
     33         15           0        1.111697   -1.215584   -1.632744 
     34         15           0        0.952850   -0.725719    1.483803 
     35          1           0       -3.315390   -3.163483    3.109622 
     36          1           0       -2.864108   -1.303410    4.711527 
     37          1           0       -2.597993    0.993947    3.882434 
     38          1           0       -3.541555   -2.662250    0.685107 
     39          1           0       -3.037337    2.880846    3.179972 
     40          1           0       -2.557896    5.121032    2.292874 
     41          1           0       -2.061059    5.423671   -0.130403 
     42          1           0       -2.081231    3.447821   -1.638149 
     43          1           0        2.972233    6.249476    0.324637 
     44          1           0        1.362277    5.410925   -1.364838 
     45          1           0        4.200845    2.225335    1.186623 
     46          1           0        4.383045    4.638881    1.596925 
     47          1           0        0.345795    3.558717   -2.579604 
     48          1           0        0.067907    1.153676   -2.945540 
     49          1           0        3.139389   -2.254508    2.700830 
     50          1           0        5.532062   -2.471412    2.230818 
     51          1           0        7.505054   -1.847530    0.926757 
     52          1           0        8.539710   -0.553070   -0.914309 
     53          1           0        7.147005    1.005214   -2.269276 
     54          1           0        4.758870    1.298199   -1.770538 
     55          6           0        0.775323   -1.444591    3.165718 
     56          1           0       -0.280974   -1.336524    3.444148 
     57          1           0        1.013282   -2.513534    3.164497 
     58          1           0        1.395081   -0.920807    3.906117 
     59          6           0        0.556450    1.033217    1.874648 
     60          1           0       -0.348934    1.032241    2.494230 
     61          1           0        1.375007    1.506507    2.433792 
     62          1           0        0.344756    1.622653    0.975827 
     63          6           0        2.640574   -2.183296   -1.927417 
     64          1           0        3.292756   -1.682071   -2.656218 
     65          1           0        3.191257   -2.362242   -1.000201 
     66          1           0        2.319910   -3.153552   -2.326679 
     67          6           0        0.318896   -1.356500   -3.278602 
     68          1           0        0.169298   -2.425299   -3.467469 
     69          1           0       -0.672518   -0.891302   -3.285360 
     70          1           0        0.952661   -0.920744   -4.062735 
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     71         77           0       -0.193374   -1.900950   -0.035099 
     72          6           0       -2.456037    0.847610   -0.974161 
     73          6           0       -3.419950   -0.265404   -0.552470 
     74          1           0       -1.434779    0.416069   -0.917625 
     75          1           0       -2.636273    1.136927   -2.021250 
     76          6           0       -4.856570    0.049444   -0.927579 
     77          6           0       -5.248999   -0.145684   -2.255010 
     78          6           0       -5.798685    0.539390   -0.023783 
     79          6           0       -6.541212    0.145131   -2.671609 
     80          1           0       -4.523509   -0.545986   -2.966186 
     81          6           0       -7.095250    0.832907   -0.437244 
     82          1           0       -5.521089    0.683075    1.020182 
     83          6           0       -7.471408    0.638277   -1.760674 
     84          1           0       -6.827095   -0.023941   -3.708915 
     85          1           0       -7.816411    1.213757    0.284695 
     86          1           0       -8.487446    0.863055   -2.081274 
     87          1           0       -3.127391   -1.170290   -1.109588 
     88         17           0       -1.542487   -3.432475   -1.254565 
 --------------------------------------------------------------------- 
 
4aa (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.970860    3.692993   -0.049124 
      2          6           0        0.335152    2.875589    0.879086 
      3          6           0        0.559974    1.503748    0.896060 
      4          6           0        1.442061    0.931112   -0.037421 
      5          6           0        2.061633    1.759723   -0.976890 
      6          6           0        1.834560    3.129844   -0.981986 
      7          6           0       -0.105741    0.606021    1.896860 
      8          6           0        1.653491   -0.528822   -0.012477 
      9          6           0        0.692871   -1.351296    0.604983 
     10          6           0       -0.515275   -0.729881    1.261615 
     11          6           0        0.853579   -2.733404    0.584771 
     12          1           0        0.091569   -3.357022    1.054488 
     13          6           0        1.960689   -3.318574   -0.017391 
     14          6           0        2.926734   -2.508463   -0.606043 
     15          6           0        2.771697   -1.129338   -0.600939 
     16          1           0       -0.979823    1.105507    2.338035 
     17          1           0        0.780987    4.764919   -0.052402 
     18          1           0       -0.356193    3.305851    1.604604 
     19          1           0        2.713702    1.324201   -1.733042 
     20          1           0        2.323887    3.756768   -1.725388 
     21          1           0        2.074869   -4.401064   -0.018238 
     22          1           0        3.808517   -2.951817   -1.065707 
     23          1           0        3.544517   -0.503248   -1.045150 
     24          6           0       -1.706190   -0.563505    0.332555 
     25          6           0       -2.965780   -0.336128    0.893643 
     26          6           0       -1.597785   -0.608735   -1.056363 
     27          6           0       -4.085303   -0.150855    0.093312 
     28          1           0       -3.066465   -0.309879    1.980759 
     29          6           0       -2.717042   -0.421982   -1.862536 
     30          1           0       -0.627351   -0.796006   -1.514765 
     31          6           0       -3.963186   -0.191976   -1.292945 
     32          1           0       -5.058141    0.019083    0.552541 
     33          1           0       -2.610659   -0.459608   -2.945634 
     34          1           0       -4.838154   -0.049276   -1.924835 
     35          1           0        0.592156    0.393358    2.724279 
     36          1           0       -0.835415   -1.398194    2.077822 
 --------------------------------------------------------------------- 
 
TS7 (NIMGA = 1, 608.65i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0       -1.102990   -0.053121   -0.150727 
      2         17           0       -0.697295   -2.468167   -0.616786 
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      3         15           0        0.755282    0.350941   -1.737256 
      4         15           0        0.448617   -0.503692    1.603325 
      5          6           0        2.467211    2.575356   -1.383290 
      6          6           0        2.225382    1.218161   -1.040401 
      7          6           0        2.997277    0.623866   -0.047586 
      8          6           0        3.977185    1.394598    0.657085 
      9          6           0        4.181182    2.761896    0.311286 
     10          6           0        3.418094    3.318888   -0.738353 
     11          6           0        4.746893    0.852833    1.720203 
     12          6           0        5.661583    1.620902    2.394279 
     13          6           0        5.866850    2.971802    2.039181 
     14          6           0        5.140155    3.526583    1.018714 
     15          6           0        1.943242   -1.421437    1.041001 
     16          6           0        2.006707   -2.813617    1.314066 
     17          6           0        3.015135   -3.593200    0.823103 
     18          6           0        4.017921   -3.039943   -0.002553 
     19          6           0        3.976862   -1.647220   -0.296419 
     20          6           0        2.926170   -0.837492    0.253033 
     21          6           0        5.048091   -3.842382   -0.548509 
     22          6           0        6.000451   -3.299930   -1.370778 
     23          6           0        5.955547   -1.924745   -1.681727 
     24          6           0        4.974555   -1.120457   -1.158485 
     25          6           0        0.180611    1.465711   -3.075433 
     26          6           0        1.428052   -1.042915   -2.722367 
     27          6           0        1.110403    0.837435    2.676693 
     28          6           0       -0.303311   -1.578477    2.880160 
     29          1           0        1.877113    3.046293   -2.165998 
     30          1           0        3.590284    4.358386   -1.019581 
     31          1           0        4.594881   -0.187028    2.004406 
     32          1           0        6.235422    1.184831    3.209949 
     33          1           0        6.599711    3.568486    2.579057 
     34          1           0        5.283942    4.569206    0.734475 
     35          1           0        1.225468   -3.281583    1.906052 
     36          1           0        3.043130   -4.660062    1.043771 
     37          1           0        5.059357   -4.904775   -0.304666 
     38          1           0        6.786004   -3.925905   -1.789965 
     39          1           0        6.704708   -1.497876   -2.346253 
     40          1           0        4.953191   -0.063532   -1.417497 
     41          1           0        0.264056    1.391908    3.102802 
     42          1           0        1.707751    0.407373    3.491289 
     43          1           0        1.739878    1.538700    2.118758 
     44          1           0       -0.813517   -2.419307    2.395939 
     45          1           0        0.425655   -1.938609    3.618079 
     46          1           0       -1.059419   -0.969208    3.391455 
     47          1           0        0.598554   -1.456130   -3.309783 
     48          1           0        2.228837   -0.701055   -3.390749 
     49          1           0        1.789091   -1.843383   -2.069060 
     50          1           0       -0.289701    2.362150   -2.651242 
     51          1           0        0.981464    1.750424   -3.770252 
     52          1           0       -0.586849    0.916788   -3.634819 
     53          6           0       -1.457353    2.037258    0.044944 
     54          6           0       -2.701867    2.649014   -0.247493 
     55          6           0       -2.684657    3.986190   -0.686292 
     56          6           0       -1.535047    4.758302   -0.676141 
     57          6           0       -0.360152    4.213020   -0.165596 
     58          6           0       -0.338840    2.874558    0.193032 
     59          6           0       -4.243793    0.613528    0.055485 
     60          6           0       -4.003364    2.008861    0.037573 
     61          6           0       -5.037256    2.868017    0.451932 
     62          6           0       -6.287110    2.412044    0.831033 
     63          6           0       -6.531684    1.046163    0.822123 
     64          6           0       -5.520712    0.176123    0.450245 
     65          1           0       -3.611835    4.428465   -1.046524 
     66          1           0       -1.566647    5.787507   -1.029282 
     67          1           0        0.547444    4.809979   -0.080644 
     68          1           0        0.593228    2.444006    0.550553 
     69          1           0       -4.832804    3.933710    0.525789 
     70          1           0       -7.051908    3.118456    1.149053 
     71          1           0       -7.504280    0.650669    1.110473 
     72          1           0       -5.734423   -0.888795    0.439168 
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     73          6           0       -2.584533   -0.145892   -1.673909 
     74          6           0       -3.277117   -0.417684   -0.438074 
     75          1           0       -2.355238   -0.982685   -2.338057 
     76          1           0       -2.795934    0.796716   -2.185758 
     77          6           0       -3.647865   -1.823387   -0.080911 
     78          6           0       -4.078642   -2.726616   -1.050881 
     79          6           0       -3.646081   -2.239436    1.254764 
     80          6           0       -4.459080   -4.019761   -0.704165 
     81          1           0       -4.111356   -2.416425   -2.094767 
     82          6           0       -4.022017   -3.526476    1.605775 
     83          1           0       -3.329013   -1.529021    2.019909 
     84          6           0       -4.426953   -4.428332    0.622973 
     85          1           0       -4.783134   -4.711774   -1.480415 
     86          1           0       -4.001282   -3.830461    2.651879 
     87          1           0       -4.718670   -5.441952    0.893601 
     88          1           0       -1.666133    0.995652    1.033224 
 --------------------------------------------------------------------- 
 
Int11 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         77           0       -1.066558   -0.075023   -0.254381 
      2         17           0       -0.722824   -2.399747   -0.820152 
      3         15           0        0.775584    0.437399   -1.709713 
      4         15           0        0.396526   -0.554221    1.579354 
      5          6           0        2.497932    2.633221   -1.252420 
      6          6           0        2.242390    1.267099   -0.959030 
      7          6           0        2.992542    0.634988    0.028119 
      8          6           0        3.959696    1.379197    0.777556 
      9          6           0        4.170289    2.758931    0.487214 
     10          6           0        3.431798    3.354867   -0.559064 
     11          6           0        4.711421    0.797904    1.832767 
     12          6           0        5.613868    1.539856    2.551261 
     13          6           0        5.823721    2.903560    2.252651 
     14          6           0        5.114861    3.496683    1.241015 
     15          6           0        1.907824   -1.448553    1.017925 
     16          6           0        1.953667   -2.853117    1.221707 
     17          6           0        2.962912   -3.619302    0.710984 
     18          6           0        3.989206   -3.036149   -0.063245 
     19          6           0        3.966010   -1.630243   -0.290334 
     20          6           0        2.910058   -0.837596    0.273753 
     21          6           0        5.024605   -3.821385   -0.624138 
     22          6           0        6.000530   -3.249984   -1.397597 
     23          6           0        5.974447   -1.860834   -1.642579 
     24          6           0        4.988479   -1.073297   -1.103613 
     25          6           0        0.253312    1.569294   -3.057817 
     26          6           0        1.474613   -0.927383   -2.719539 
     27          6           0        1.046944    0.785485    2.669991 
     28          6           0       -0.313600   -1.654189    2.867659 
     29          1           0        1.930894    3.123832   -2.040968 
     30          1           0        3.615442    4.402173   -0.802380 
     31          1           0        4.556094   -0.252111    2.074544 
     32          1           0        6.173923    1.072631    3.359332 
     33          1           0        6.545955    3.479561    2.828237 
     34          1           0        5.263695    4.549236    0.998753 
     35          1           0        1.158674   -3.341025    1.778979 
     36          1           0        2.976367   -4.696208    0.878390 
     37          1           0        5.020883   -4.894351   -0.431460 
     38          1           0        6.790166   -3.862636   -1.828680 
     39          1           0        6.743162   -1.409227   -2.267280 
     40          1           0        4.982717   -0.004713   -1.310688 
     41          1           0        0.195729    1.293054    3.143702 
     42          1           0        1.694574    0.371803    3.454282 
     43          1           0        1.622986    1.525205    2.102830 
     44          1           0       -0.833962   -2.497148    2.397369 
     45          1           0        0.435296   -2.016886    3.584332 
     46          1           0       -1.062817   -1.060450    3.407660 
     47          1           0        0.664108   -1.313118   -3.350130 
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     48          1           0        2.296911   -0.559937   -3.347064 
     49          1           0        1.817265   -1.753985   -2.090363 
     50          1           0       -0.186064    2.489663   -2.654762 
     51          1           0        1.067544    1.813085   -3.753493 
     52          1           0       -0.535763    1.037921   -3.604933 
     53          6           0       -1.516297    2.196293    0.167861 
     54          6           0       -2.778339    2.660809   -0.257574 
     55          6           0       -2.820970    3.887889   -0.940236 
     56          6           0       -1.687557    4.672167   -1.084992 
     57          6           0       -0.473164    4.273244   -0.520365 
     58          6           0       -0.398720    3.042106    0.105281 
     59          6           0       -4.189108    0.583663    0.261076 
     60          6           0       -4.021154    1.988933    0.148304 
     61          6           0       -5.050736    2.846118    0.573252 
     62          6           0       -6.230646    2.374751    1.117881 
     63          6           0       -6.393326    1.001513    1.256902 
     64          6           0       -5.394182    0.138760    0.839937 
     65          1           0       -3.767911    4.230017   -1.354668 
     66          1           0       -1.755586    5.619492   -1.618076 
     67          1           0        0.407233    4.911232   -0.581870 
     68          1           0        0.541289    2.708162    0.539262 
     69          1           0       -4.884893    3.921103    0.520790 
     70          1           0       -7.000071    3.069812    1.448550 
     71          1           0       -7.309445    0.592986    1.681127 
     72          1           0       -5.568910   -0.929388    0.928237 
     73          6           0       -2.654893   -0.087173   -1.625964 
     74          6           0       -3.256298   -0.420630   -0.335900 
     75          1           0       -2.537012   -0.895659   -2.352659 
     76          1           0       -2.930428    0.866731   -2.086603 
     77          6           0       -3.628257   -1.841683   -0.046086 
     78          6           0       -4.174221   -2.671696   -1.024194 
     79          6           0       -3.487821   -2.357337    1.246655 
     80          6           0       -4.526644   -3.986710   -0.731973 
     81          1           0       -4.316980   -2.285246   -2.032955 
     82          6           0       -3.841506   -3.663789    1.546461 
     83          1           0       -3.072900   -1.706766    2.018643 
     84          6           0       -4.357674   -4.491740    0.550756 
     85          1           0       -4.938196   -4.620374   -1.516794 
     86          1           0       -3.709763   -4.043108    2.559716 
     87          1           0       -4.628276   -5.521957    0.777304 
     88          1           0       -1.526720    1.384156    0.967230 
 --------------------------------------------------------------------- 
 
TS8 (NIMGA = 1, 633.49i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        3.884705    4.039428   -1.195246 
      2          6           0        4.300652    4.209868    0.120378 
      3          6           0        4.246344    3.138253    1.005420 
      4          6           0        3.773836    1.894911    0.590284 
      5          6           0        3.356334    1.719293   -0.743363 
      6          6           0        3.424502    2.798669   -1.623798 
      7          6           0        2.504850   -0.053651    1.464053 
      8          6           0        3.665604    0.749818    1.504400 
      9          6           0        4.714585    0.415950    2.364075 
     10          6           0        4.647190   -0.721270    3.154279 
     11          6           0        3.516769   -1.534516    3.098366 
     12          6           0        2.446580   -1.190455    2.284821 
     13          6           0       -5.673954    3.996826   -0.923764 
     14          6           0       -4.617593    4.248906   -0.086923 
     15          6           0       -3.752184    3.206978    0.321090 
     16          6           0       -3.991282    1.876320   -0.127259 
     17          6           0       -5.082090    1.653822   -1.006377 
     18          6           0       -5.900222    2.686181   -1.392596 
     19          6           0       -2.629626    3.460519    1.143753 
     20          6           0       -1.788692    2.447691    1.509854 
     21          6           0       -2.026730    1.107061    1.103312 
     22          6           0       -3.109451    0.824756    0.286375 
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     23          6           0       -3.333105   -0.558356   -0.210249 
     24          6           0       -2.441739   -1.147683   -1.095640 
     25          6           0       -2.668516   -2.483649   -1.522354 
     26          6           0       -3.756845   -3.189962   -1.090949 
     27          6           0       -4.673767   -2.626392   -0.176019 
     28          6           0       -4.456059   -1.296832    0.283702 
     29          6           0       -5.781957   -3.359877    0.310294 
     30          6           0       -6.635486   -2.814731    1.234097 
     31          6           0       -6.407017   -1.508540    1.716339 
     32          6           0       -5.346753   -0.769830    1.254158 
     33         15           0       -0.731461   -0.133730    1.525885 
     34         15           0       -0.897156   -0.306783   -1.674857 
     35          1           0        3.932830    4.870335   -1.896987 
     36          1           0        4.665790    5.177479    0.460155 
     37          1           0        4.548114    3.268954    2.044848 
     38          1           0        3.144526    2.653955   -2.666837 
     39          1           0        5.613670    1.032756    2.362788 
     40          1           0        5.483184   -0.987232    3.798727 
     41          1           0        3.473181   -2.449602    3.686565 
     42          1           0        1.588330   -1.858972    2.224167 
     43          1           0       -6.332937    4.805275   -1.234921 
     44          1           0       -4.419768    5.258527    0.273512 
     45          1           0       -5.266040    0.648352   -1.379861 
     46          1           0       -6.730549    2.491535   -2.069003 
     47          1           0       -2.436941    4.482741    1.469610 
     48          1           0       -0.914888    2.682887    2.113067 
     49          1           0       -1.948486   -2.969264   -2.172205 
     50          1           0       -3.911929   -4.214619   -1.428112 
     51          1           0       -5.933565   -4.373543   -0.060801 
     52          1           0       -7.483032   -3.388817    1.604097 
     53          1           0       -7.077017   -1.084537    2.462215 
     54          1           0       -5.180495    0.234528    1.639227 
     55          6           0       -0.588618   -1.176202   -3.262943 
     56          1           0        0.066369   -0.562258   -3.889746 
     57          1           0       -0.108589   -2.141343   -3.067973 
     58          1           0       -1.537190   -1.319136   -3.794791 
     59          6           0       -1.484472    1.306322   -2.353450 
     60          1           0       -0.712155    1.682305   -3.036119 
     61          1           0       -2.418622    1.180157   -2.917513 
     62          1           0       -1.629034    2.052292   -1.567625 
     63          6           0       -1.540478   -1.703863    2.012601 
     64          1           0       -2.489463   -1.517417    2.531880 
     65          1           0       -1.674875   -2.361870    1.149461 
     66          1           0       -0.850033   -2.213929    2.695669 
     67          6           0       -0.217952    0.447910    3.199170 
     68          1           0        0.400759   -0.321053    3.671973 
     69          1           0        0.371208    1.369370    3.167763 
     70          1           0       -1.115504    0.606847    3.810303 
     71         77           0        0.910181   -0.122264   -0.117050 
     72          6           0        1.942579    0.190342   -2.116370 
     73          6           0        2.988829    0.357376   -1.221610 
     74          1           0        1.453416    1.067493   -2.540664 
     75          1           0        1.913164   -0.727452   -2.701914 
     76          6           0        4.045682   -0.695143   -1.107643 
     77          6           0        5.390553   -0.305948   -1.133204 
     78          6           0        3.741297   -2.058980   -1.060547 
     79          6           0        6.405675   -1.254662   -1.111382 
     80          1           0        5.649668    0.751634   -1.177761 
     81          6           0        4.760784   -3.002625   -1.034773 
     82          1           0        2.699961   -2.388426   -1.003972 
     83          6           0        6.095113   -2.608575   -1.058760 
     84          1           0        7.444923   -0.929707   -1.134824 
     85          1           0        4.499405   -4.058402   -0.985122 
     86          1           0        6.889360   -3.353301   -1.032768 
     87          1           0        1.592050    0.811855    1.159007 
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Int12 (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.655856    3.944647    0.295632 
      2          6           0        5.352951    3.423447    1.381269 
      3          6           0        5.143768    2.103193    1.761440 
      4          6           0        4.237237    1.302561    1.068234 
      5          6           0        3.554681    1.809896   -0.052691 
      6          6           0        3.773977    3.141573   -0.418177 
      7          6           0        2.589324   -0.382740    1.811676 
      8          6           0        3.927761   -0.066040    1.501894 
      9          6           0        4.893234   -1.062683    1.575324 
     10          6           0        4.525105   -2.365751    1.905948 
     11          6           0        3.200278   -2.683079    2.183658 
     12          6           0        2.231791   -1.686401    2.166388 
     13          6           0       -5.677148    3.784851   -1.576183 
     14          6           0       -4.727391    4.168251   -0.664680 
     15          6           0       -3.864319    3.215863   -0.073328 
     16          6           0       -3.997706    1.839191   -0.414060 
     17          6           0       -4.980716    1.478642   -1.370840 
     18          6           0       -5.796771    2.426021   -1.936561 
     19          6           0       -2.851271    3.600595    0.835672 
     20          6           0       -2.005920    2.671783    1.376716 
     21          6           0       -2.134072    1.292618    1.064087 
     22          6           0       -3.118467    0.878547    0.180659 
     23          6           0       -3.239843   -0.557421   -0.187245 
     24          6           0       -2.251506   -1.196308   -0.925193 
     25          6           0       -2.393046   -2.573799   -1.239400 
     26          6           0       -3.495776   -3.276162   -0.836530 
     27          6           0       -4.503599   -2.667884   -0.057302 
     28          6           0       -4.374099   -1.291634    0.284090 
     29          6           0       -5.619573   -3.399921    0.414681 
     30          6           0       -6.561963   -2.808342    1.214897 
     31          6           0       -6.423600   -1.452098    1.579757 
     32          6           0       -5.360223   -0.713322    1.125320 
     33         15           0       -0.821210    0.148811    1.654753 
     34         15           0       -0.720182   -0.321397   -1.480016 
     35          1           0        4.817802    4.976166   -0.013129 
     36          1           0        6.052872    4.046439    1.935253 
     37          1           0        5.661897    1.685511    2.624936 
     38          1           0        3.278082    3.539118   -1.303102 
     39          1           0        5.923807   -0.825567    1.311313 
     40          1           0        5.282828   -3.147433    1.925556 
     41          1           0        2.905807   -3.707955    2.394689 
     42          1           0        1.199565   -1.943613    2.389377 
     43          1           0       -6.335547    4.524763   -2.027423 
     44          1           0       -4.614151    5.215720   -0.384698 
     45          1           0       -5.080057    0.433376   -1.657408 
     46          1           0       -6.543289    2.126320   -2.669811 
     47          1           0       -2.747937    4.655391    1.090847 
     48          1           0       -1.221144    3.003856    2.052690 
     49          1           0       -1.597343   -3.096658   -1.758459 
     50          1           0       -3.584789   -4.334355   -1.080329 
     51          1           0       -5.702022   -4.450881    0.137787 
     52          1           0       -7.412292   -3.382945    1.577709 
     53          1           0       -7.164977   -0.989665    2.228974 
     54          1           0       -5.264365    0.330449    1.418400 
     55          6           0       -0.080837   -1.388175   -2.816460 
     56          1           0        0.751365   -0.879947   -3.316084 
     57          1           0        0.291689   -2.321368   -2.373264 
     58          1           0       -0.873827   -1.586968   -3.549404 
     59          6           0       -1.399810    1.097110   -2.445720 
     60          1           0       -0.685515    1.374658   -3.228338 
     61          1           0       -2.344539    0.807724   -2.923353 
     62          1           0       -1.571099    1.970658   -1.808360 
     63          6           0       -1.614606   -1.391644    2.272661 
     64          1           0       -2.674896   -1.238647    2.506928 
     65          1           0       -1.478878   -2.199368    1.540037 
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     66          1           0       -1.093077   -1.687274    3.191765 
     67          6           0       -0.303438    0.904917    3.254035 
     68          1           0        0.380653    0.212050    3.759218 
     69          1           0        0.224148    1.854088    3.113200 
     70          1           0       -1.176519    1.063812    3.900169 
     71         77           0        0.880502    0.211907    0.058595 
     72          6           0        1.635044    1.401109   -1.594026 
     73          6           0        2.773437    0.886394   -0.937034 
     74          1           0        1.321303    2.434691   -1.432953 
     75          1           0        1.402679    1.006912   -2.583492 
     76          6           0        3.583885   -0.227023   -1.538883 
     77          6           0        4.842105    0.063937   -2.081291 
     78          6           0        3.143303   -1.551571   -1.545275 
     79          6           0        5.629017   -0.943709   -2.625288 
     80          1           0        5.209433    1.091189   -2.066541 
     81          6           0        3.931464   -2.560003   -2.089984 
     82          1           0        2.198310   -1.824023   -1.066788 
     83          6           0        5.176324   -2.261130   -2.631617 
     84          1           0        6.604495   -0.698930   -3.044080 
     85          1           0        3.561210   -3.584177   -2.057775 
     86          1           0        5.799699   -3.050346   -3.049914 
     87          1           0        1.915564    0.476970    2.008123 
     88         17           0        0.444483   -3.363393   -0.001339 
 --------------------------------------------------------------------- 
 
5aa (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -0.331995    2.064212   -1.002081 
      2          6           0        0.285717    1.453543    0.092790 
      3          6           0       -0.279502    1.619529    1.360625 
      4          6           0       -1.438999    2.366744    1.525701 
      5          6           0       -2.052494    2.959534    0.426542 
      6          6           0       -1.494738    2.806855   -0.838746 
      7          1           0        0.094728    1.924426   -1.995871 
      8          1           0        0.198298    1.152740    2.221673 
      9          1           0       -1.865876    2.489091    2.520111 
     10          1           0       -2.964905    3.539285    0.555686 
     11          1           0       -1.971451    3.263527   -1.704701 
     12          6           0        1.520805    0.657446   -0.095379 
     13          6           0        1.632163   -0.671369    0.363826 
     14          6           0        2.618994    1.249511   -0.723183 
     15          6           0        2.846077   -1.344286    0.199869 
     16          6           0        3.817806    0.565230   -0.885299 
     17          1           0        2.529059    2.281303   -1.063193 
     18          6           0        3.935115   -0.735881   -0.412786 
     19          1           0        2.914461   -2.376638    0.541895 
     20          1           0        4.659910    1.052823   -1.373606 
     21          1           0        4.868700   -1.283188   -0.531272 
     22          6           0        0.485970   -1.397221    0.972256 
     23          6           0       -0.774335   -1.484895    0.198477 
     24          6           0       -0.746387   -1.619767   -1.193411 
     25          6           0       -2.016266   -1.440364    0.839812 
     26          6           0       -1.925240   -1.727350   -1.920027 
     27          1           0        0.215023   -1.644190   -1.706859 
     28          6           0       -3.195329   -1.546039    0.114438 
     29          1           0       -2.048638   -1.286322    1.918396 
     30          6           0       -3.154412   -1.692341   -1.268816 
     31          1           0       -1.883424   -1.838888   -3.002400 
     32          1           0       -4.153116   -1.497865    0.630278 
     33          1           0       -4.078924   -1.767740   -1.838857 
     34          6           0        0.620782   -1.998855    2.162065 
     35          1           0       -0.177931   -2.601187    2.591895 
     36          1           0        1.541706   -1.912586    2.736772 
 --------------------------------------------------------------------- 
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H) Second order perturbation theory analysis of Fock matrix of Int1 in NBO basis 
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis 
 
     Threshold for printing:   0.50 kcal/mol 
    (Intermolecular threshold: 0.05 kcal/mol) 
                                                                              E(2)  E(j)-E(i) F(i,j) 
         Donor NBO (i)                     Acceptor NBO (j)                 kcal/mol   a.u.    a.u.  
 =================================================================================================== 
from unit  1 to unit  2 
  92. CR (   1)Ir   1                /160. LP (   1) C  53                    5.76    3.35    0.184 
  92. CR (   1)Ir   1                /161. LP*(   1) C  54                    6.65    3.34    0.187 
  92. CR (   1)Ir   1                /476. RY*(   1) C  53                    0.33    4.53    0.034 
  92. CR (   1)Ir   1                /477. RY*(   2) C  53                    0.09    4.76    0.018 
  92. CR (   1)Ir   1                /479. RY*(   4) C  53                    0.09    4.79    0.019 
  92. CR (   1)Ir   1                /486. RY*(   1) C  54                    0.35    4.52    0.035 
  92. CR (   1)Ir   1                /489. RY*(   4) C  54                    0.14    4.79    0.023 
  92. CR (   1)Ir   1                /659. BD*(   1) C  52 - C  53            0.09    3.99    0.017 
  92. CR (   1)Ir   1                /664. BD*(   1) C  53 - C  59            0.18    3.95    0.024 
  92. CR (   1)Ir   1                /666. BD*(   1) C  54 - H  64            0.13    3.93    0.020 
  93. CR (   2)Ir   1                /160. LP (   1) C  53                    4.66    1.88    0.124 
  93. CR (   2)Ir   1                /161. LP*(   1) C  54                    1.09    1.87    0.057 
  93. CR (   2)Ir   1                /476. RY*(   1) C  53                    0.06    3.06    0.012 
  93. CR (   2)Ir   1                /477. RY*(   2) C  53                    0.05    3.29    0.012 
  93. CR (   2)Ir   1                /664. BD*(   1) C  53 - C  59            0.11    2.48    0.015 
  93. CR (   2)Ir   1                /666. BD*(   1) C  54 - H  64            0.12    2.46    0.016 
  94. CR (   3)Ir   1                /161. LP*(   1) C  54                    2.88    1.86    0.091 
  94. CR (   3)Ir   1                /664. BD*(   1) C  53 - C  59            0.12    2.46    0.015 
  94. CR (   3)Ir   1                /666. BD*(   1) C  54 - H  64            0.05    2.44    0.010 
  94. CR (   3)Ir   1                /668. BD*(   2) C  55 - C  56            0.06    2.07    0.010 
  95. CR (   4)Ir   1                /160. LP (   1) C  53                    0.65    1.88    0.046 
  95. CR (   4)Ir   1                /161. LP*(   1) C  54                    2.82    1.88    0.091 
  95. CR (   4)Ir   1                /476. RY*(   1) C  53                    0.10    3.06    0.016 
  95. CR (   4)Ir   1                /486. RY*(   1) C  54                    0.08    3.05    0.014 
  95. CR (   4)Ir   1                /659. BD*(   1) C  52 - C  53            0.17    2.53    0.019 
  95. CR (   4)Ir   1                /665. BD*(   1) C  54 - C  55            0.07    2.54    0.012 
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 147. LP (   1)Ir   1                /160. LP (   1) C  53                    4.60    0.06    0.022 
 147. LP (   1)Ir   1                /161. LP*(   1) C  54                    6.58    0.06    0.024 
 147. LP (   1)Ir   1                /466. RY*(   1) C  52                    0.07    1.32    0.009 
 147. LP (   1)Ir   1                /476. RY*(   1) C  53                    1.36    1.25    0.037 
 147. LP (   1)Ir   1                /477. RY*(   2) C  53                    0.67    1.48    0.028 
 147. LP (   1)Ir   1                /486. RY*(   1) C  54                    1.14    1.23    0.034 
 147. LP (   1)Ir   1                /488. RY*(   3) C  54                    0.07    1.35    0.009 
 147. LP (   1)Ir   1                /490. RY*(   5) C  54                    0.09    2.20    0.013 
 147. LP (   1)Ir   1                /498. RY*(   3) C  55                    0.15    1.20    0.012 
 147. LP (   1)Ir   1                /664. BD*(   1) C  53 - C  59            0.13    0.67    0.008 
 147. LP (   1)Ir   1                /665. BD*(   1) C  54 - C  55            0.18    0.73    0.010 
 147. LP (   1)Ir   1                /668. BD*(   2) C  55 - C  56            1.09    0.28    0.016 
 147. LP (   1)Ir   1                /677. BD*(   2) C  59 - C  60            0.10    0.28    0.005 
 148. LP (   2)Ir   1                /160. LP (   1) C  53                    1.41    0.08    0.013 
 148. LP (   2)Ir   1                /161. LP*(   1) C  54                    1.61    0.08    0.013 
 148. LP (   2)Ir   1                /477. RY*(   2) C  53                    0.49    1.49    0.025 
 148. LP (   2)Ir   1                /478. RY*(   3) C  53                    0.35    1.43    0.021 
 148. LP (   2)Ir   1                /481. RY*(   6) C  53                    0.11    2.25    0.014 
 148. LP (   2)Ir   1                /486. RY*(   1) C  54                    0.05    1.25    0.007 
 148. LP (   2)Ir   1                /488. RY*(   3) C  54                    0.07    1.37    0.009 
 148. LP (   2)Ir   1                /492. RY*(   7) C  54                    0.09    2.36    0.013 
 148. LP (   2)Ir   1                /496. RY*(   1) C  55                    0.05    1.42    0.008 
 148. LP (   2)Ir   1                /498. RY*(   3) C  55                    0.15    1.22    0.012 
 148. LP (   2)Ir   1                /659. BD*(   1) C  52 - C  53            0.64    0.73    0.020 
 148. LP (   2)Ir   1                /661. BD*(   2) C  52 - C  57            0.10    0.32    0.005 
 148. LP (   2)Ir   1                /664. BD*(   1) C  53 - C  59            0.94    0.68    0.023 
 148. LP (   2)Ir   1                /665. BD*(   1) C  54 - C  55            0.39    0.74    0.015 
 148. LP (   2)Ir   1                /666. BD*(   1) C  54 - H  64            1.09    0.67    0.025 
 148. LP (   2)Ir   1                /668. BD*(   2) C  55 - C  56            0.19    0.30    0.007 
 148. LP (   2)Ir   1                /677. BD*(   2) C  59 - C  60            0.10    0.30    0.005 
 149. LP (   3)Ir   1                /160. LP (   1) C  53                    1.28    0.07    0.011 
 149. LP (   3)Ir   1                /161. LP*(   1) C  54                    0.68    0.06    0.008 
 149. LP (   3)Ir   1                /477. RY*(   2) C  53                    0.58    1.48    0.027 
 149. LP (   3)Ir   1                /482. RY*(   7) C  53                    0.05    2.42    0.011 
 149. LP (   3)Ir   1                /489. RY*(   4) C  54                    0.07    1.51    0.009 
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 149. LP (   3)Ir   1                /496. RY*(   1) C  55                    0.07    1.40    0.009 
 149. LP (   3)Ir   1                /498. RY*(   3) C  55                    0.06    1.20    0.008 
 149. LP (   3)Ir   1                /659. BD*(   1) C  52 - C  53            0.16    0.71    0.010 
 149. LP (   3)Ir   1                /666. BD*(   1) C  54 - H  64            0.11    0.65    0.008 
 150. LP (   4)Ir   1                /160. LP (   1) C  53                   63.56    0.06    0.068 
 150. LP (   4)Ir   1                /161. LP*(   1) C  54                  173.37    0.05    0.105 
 150. LP (   4)Ir   1                /476. RY*(   1) C  53                    0.55    1.24    0.026 
 150. LP (   4)Ir   1                /477. RY*(   2) C  53                    0.82    1.47    0.034 
 150. LP (   4)Ir   1                /478. RY*(   3) C  53                    0.13    1.41    0.013 
 150. LP (   4)Ir   1                /479. RY*(   4) C  53                    0.06    1.50    0.009 
 150. LP (   4)Ir   1                /482. RY*(   7) C  53                    0.06    2.41    0.012 
 150. LP (   4)Ir   1                /483. RY*(   8) C  53                    0.08    2.35    0.013 
 150. LP (   4)Ir   1                /486. RY*(   1) C  54                    1.98    1.23    0.049 
 150. LP (   4)Ir   1                /487. RY*(   2) C  54                    0.16    1.28    0.014 
 150. LP (   4)Ir   1                /488. RY*(   3) C  54                    0.82    1.35    0.033 
 150. LP (   4)Ir   1                /489. RY*(   4) C  54                    0.06    1.50    0.009 
 150. LP (   4)Ir   1                /491. RY*(   6) C  54                    0.14    2.11    0.017 
 150. LP (   4)Ir   1                /493. RY*(   8) C  54                    0.09    2.31    0.015 
 150. LP (   4)Ir   1                /498. RY*(   3) C  55                    0.16    1.19    0.014 
 150. LP (   4)Ir   1                /659. BD*(   1) C  52 - C  53            0.06    0.70    0.006 
 150. LP (   4)Ir   1                /664. BD*(   1) C  53 - C  59            0.16    0.66    0.010 
 150. LP (   4)Ir   1                /666. BD*(   1) C  54 - H  64            0.09    0.64    0.008 
 150. LP (   4)Ir   1                /668. BD*(   2) C  55 - C  56            0.12    0.27    0.005 
 151. LP*(   5)Ir   1                /476. RY*(   1) C  53                    0.17    0.85    0.034 
 151. LP*(   5)Ir   1                /477. RY*(   2) C  53                    0.28    1.08    0.050 
 151. LP*(   5)Ir   1                /479. RY*(   4) C  53                    0.05    1.11    0.022 
 151. LP*(   5)Ir   1                /482. RY*(   7) C  53                    0.07    2.02    0.035 
 151. LP*(   5)Ir   1                /483. RY*(   8) C  53                    0.05    1.96    0.030 
 151. LP*(   5)Ir   1                /486. RY*(   1) C  54                    0.34    0.83    0.049 
 151. LP*(   5)Ir   1                /487. RY*(   2) C  54                    0.17    0.89    0.035 
 151. LP*(   5)Ir   1                /491. RY*(   6) C  54                    0.08    1.72    0.035 
 151. LP*(   5)Ir   1                /498. RY*(   3) C  55                    0.07    0.80    0.022 
 151. LP*(   5)Ir   1                /587. RY*(   1) H  65                    0.05    0.44    0.014 
 151. LP*(   5)Ir   1                /659. BD*(   1) C  52 - C  53            0.34    0.31    0.028 
 151. LP*(   5)Ir   1                /665. BD*(   1) C  54 - C  55            0.14    0.33    0.019 
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 151. LP*(   5)Ir   1                /666. BD*(   1) C  54 - H  64            0.31    0.25    0.024 
 151. LP*(   5)Ir   1                /669. BD*(   1) C  55 - H  65            0.11    0.27    0.015 
 151. LP*(   5)Ir   1                /679. BD*(   1) C  60 - H  68            0.05    0.26    0.010 
 
 from unit  2 to unit  1 
  65. BD (   1) C  52 - C  53        /151. LP*(   5)Ir   1                    6.88    0.78    0.068 
  65. BD (   1) C  52 - C  53        /163. RY*(   2)Ir   1                    0.22    1.80    0.018 
  65. BD (   1) C  52 - C  53        /164. RY*(   3)Ir   1                    0.12    1.41    0.012 
  65. BD (   1) C  52 - C  53        /171. RY*(  10)Ir   1                    0.07    1.74    0.010 
  65. BD (   1) C  52 - C  53        /172. RY*(  11)Ir   1                    0.06   20.07    0.032 
  66. BD (   1) C  52 - C  57        /151. LP*(   5)Ir   1                    0.37    0.91    0.017 
  66. BD (   1) C  52 - C  57        /163. RY*(   2)Ir   1                    0.06    1.93    0.010 
  66. BD (   1) C  52 - C  57        /168. RY*(   7)Ir   1                    0.12    4.15    0.020 
  66. BD (   1) C  52 - C  57        /172. RY*(  11)Ir   1                    0.08   20.19    0.035 
  67. BD (   2) C  52 - C  57        /152. LP*(   6)Ir   1                    0.05    0.34    0.004 
  68. BD (   1) C  52 - C  58        /151. LP*(   5)Ir   1                    0.75    0.80    0.023 
  69. BD (   1) C  53 - C  54        /151. LP*(   5)Ir   1                   21.35    0.84    0.124 
  69. BD (   1) C  53 - C  54        /152. LP*(   6)Ir   1                    0.45    0.76    0.017 
  69. BD (   1) C  53 - C  54        /162. RY*(   1)Ir   1                    0.42    1.48    0.023 
  69. BD (   1) C  53 - C  54        /163. RY*(   2)Ir   1                    0.05    1.86    0.009 
  69. BD (   1) C  53 - C  54        /164. RY*(   3)Ir   1                    0.23    1.47    0.016 
  69. BD (   1) C  53 - C  54        /166. RY*(   5)Ir   1                    0.08    1.36    0.009 
  69. BD (   1) C  53 - C  54        /168. RY*(   7)Ir   1                    0.13    4.09    0.021 
  69. BD (   1) C  53 - C  54        /170. RY*(   9)Ir   1                    0.07    1.18    0.008 
  69. BD (   1) C  53 - C  54        /172. RY*(  11)Ir   1                    0.08   20.13    0.036 
  70. BD (   1) C  53 - C  59        /151. LP*(   5)Ir   1                    5.86    0.79    0.063 
  70. BD (   1) C  53 - C  59        /152. LP*(   6)Ir   1                    0.23    0.70    0.011 
  70. BD (   1) C  53 - C  59        /163. RY*(   2)Ir   1                    0.08    1.80    0.011 
  70. BD (   1) C  53 - C  59        /169. RY*(   8)Ir   1                    0.06    1.59    0.009 
  71. BD (   1) C  54 - C  55        /151. LP*(   5)Ir   1                    6.52    0.84    0.069 
  71. BD (   1) C  54 - C  55        /152. LP*(   6)Ir   1                    2.61    0.76    0.040 
  71. BD (   1) C  54 - C  55        /162. RY*(   1)Ir   1                    0.15    1.48    0.013 
  71. BD (   1) C  54 - C  55        /167. RY*(   6)Ir   1                    0.19    1.62    0.016 
  72. BD (   1) C  54 - H  64        /151. LP*(   5)Ir   1                    6.52    0.71    0.063 
  72. BD (   1) C  54 - H  64        /152. LP*(   6)Ir   1                    1.23    0.62    0.025 
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  72. BD (   1) C  54 - H  64        /162. RY*(   1)Ir   1                    0.25    1.35    0.017 
  72. BD (   1) C  54 - H  64        /165. RY*(   4)Ir   1                    0.12    1.28    0.011 
  72. BD (   1) C  54 - H  64        /171. RY*(  10)Ir   1                    0.18    1.67    0.015 
  72. BD (   1) C  54 - H  64        /172. RY*(  11)Ir   1                    0.06   20.00    0.032 
  73. BD (   1) C  55 - C  56        /151. LP*(   5)Ir   1                    0.45    0.90    0.019 
  73. BD (   1) C  55 - C  56        /152. LP*(   6)Ir   1                    0.81    0.81    0.023 
  73. BD (   1) C  55 - C  56        /166. RY*(   5)Ir   1                    0.05    1.42    0.008 
  73. BD (   1) C  55 - C  56        /168. RY*(   7)Ir   1                    0.21    4.14    0.026 
  73. BD (   1) C  55 - C  56        /169. RY*(   8)Ir   1                    0.06    1.70    0.009 
  73. BD (   1) C  55 - C  56        /172. RY*(  11)Ir   1                    0.15   20.18    0.049 
  74. BD (   2) C  55 - C  56        /152. LP*(   6)Ir   1                    1.87    0.35    0.023 
  75. BD (   1) C  55 - H  65        /151. LP*(   5)Ir   1                    0.41    0.70    0.016 
  75. BD (   1) C  55 - H  65        /152. LP*(   6)Ir   1                    0.99    0.61    0.022 
  75. BD (   1) C  55 - H  65        /162. RY*(   1)Ir   1                    0.05    1.33    0.007 
  75. BD (   1) C  55 - H  65        /169. RY*(   8)Ir   1                    0.05    1.50    0.008 
  76. BD (   1) C  56 - C  57        /152. LP*(   6)Ir   1                    0.16    0.75    0.010 
  77. BD (   1) C  56 - H  66        /151. LP*(   5)Ir   1                    0.16    0.69    0.010 
  77. BD (   1) C  56 - H  66        /152. LP*(   6)Ir   1                    0.21    0.61    0.010 
  78. BD (   1) C  57 - H  67        /151. LP*(   5)Ir   1                    0.14    0.69    0.009 
  79. BD (   1) C  58 - C  59        /151. LP*(   5)Ir   1                    0.61    0.81    0.021 
  80. BD (   1) C  58 - C  63        /151. LP*(   5)Ir   1                    0.08    0.90    0.008 
  82. BD (   1) C  59 - C  60        /151. LP*(   5)Ir   1                    0.13    0.90    0.010 
  82. BD (   1) C  59 - C  60        /168. RY*(   7)Ir   1                    0.07    4.14    0.015 
  83. BD (   2) C  59 - C  60        /152. LP*(   6)Ir   1                    0.27    0.34    0.009 
  84. BD (   1) C  60 - C  61        /151. LP*(   5)Ir   1                    0.09    0.86    0.008 
 135. CR (   1) C  52                /151. LP*(   5)Ir   1                    0.44   10.29    0.063 
 136. CR (   1) C  53                /151. LP*(   5)Ir   1                    8.19   10.30    0.272 
 136. CR (   1) C  53                /162. RY*(   1)Ir   1                    0.05   10.93    0.021 
 136. CR (   1) C  53                /167. RY*(   6)Ir   1                    0.06   11.08    0.024 
 136. CR (   1) C  53                /168. RY*(   7)Ir   1                    0.07   13.54    0.028 
 137. CR (   1) C  54                /151. LP*(   5)Ir   1                    7.55   10.31    0.262 
 137. CR (   1) C  54                /152. LP*(   6)Ir   1                    1.02   10.22    0.093 
 137. CR (   1) C  54                /168. RY*(   7)Ir   1                    0.19   13.55    0.046 
 138. CR (   1) C  55                /151. LP*(   5)Ir   1                    0.52   10.29    0.069 
 138. CR (   1) C  55                /152. LP*(   6)Ir   1                    0.50   10.20    0.066 
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 139. CR (   1) C  56                /151. LP*(   5)Ir   1                    0.07   10.29    0.025 
 139. CR (   1) C  56                /152. LP*(   6)Ir   1                    0.13   10.20    0.033 
 140. CR (   1) C  57                /151. LP*(   5)Ir   1                    0.06   10.27    0.023 
 141. CR (   1) C  58                /151. LP*(   5)Ir   1                    0.11   10.28    0.031 
 142. CR (   1) C  59                /151. LP*(   5)Ir   1                    0.33   10.29    0.055 
 143. CR (   1) C  60                /151. LP*(   5)Ir   1                    0.05   10.29    0.021 
 160. LP (   1) C  53                /151. LP*(   5)Ir   1                   40.33    0.33    0.129 
 160. LP (   1) C  53                /152. LP*(   6)Ir   1                    0.91    0.25    0.017 
 160. LP (   1) C  53                /162. RY*(   1)Ir   1                    0.26    0.97    0.019 
 160. LP (   1) C  53                /163. RY*(   2)Ir   1                    0.62    1.35    0.035 
 160. LP (   1) C  53                /167. RY*(   6)Ir   1                    0.07    1.12    0.010 
 160. LP (   1) C  53                /168. RY*(   7)Ir   1                    0.28    3.58    0.038 
 160. LP (   1) C  53                /169. RY*(   8)Ir   1                    0.14    1.14    0.015 
 160. LP (   1) C  53                /170. RY*(   9)Ir   1                    0.08    0.67    0.009 
 160. LP (   1) C  53                /171. RY*(  10)Ir   1                    0.14    1.29    0.016 
 160. LP (   1) C  53                /172. RY*(  11)Ir   1                    0.19   19.62    0.073 
 161. LP*(   1) C  54                /151. LP*(   5)Ir   1                   32.31    0.34    0.122 
 161. LP*(   1) C  54                /152. LP*(   6)Ir   1                    5.80    0.25    0.046 
 161. LP*(   1) C  54                /162. RY*(   1)Ir   1                    0.43    0.98    0.026 
 161. LP*(   1) C  54                /163. RY*(   2)Ir   1                    0.19    1.36    0.020 
 161. LP*(   1) C  54                /168. RY*(   7)Ir   1                    0.75    3.58    0.066 
 161. LP*(   1) C  54                /169. RY*(   8)Ir   1                    0.21    1.15    0.020 
 161. LP*(   1) C  54                /171. RY*(  10)Ir   1                    0.33    1.30    0.026 
 161. LP*(   1) C  54                /172. RY*(  11)Ir   1                    0.38   19.62    0.109 
 661. BD*(   2) C  52 - C  57        /152. LP*(   6)Ir   1                    0.15    0.01    0.003 
 668. BD*(   2) C  55 - C  56        /152. LP*(   6)Ir   1                    1.50    0.03    0.017 
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Regioselective Cleavage of Sterically More Hindered C-C Bond of  





















Regioselective C-C bond activation is an important challenge in organic synthesis. Dong and 
coworkers have developed the C-C bond activation of benzocyclobutenone derivatives possessing a 
pendant unsaturated bond (Scheme 1).1 In this reaction, a sterically more hindered and thermody-
namically more stable C(aryl)-C(carbonyl) bond seems to be selectively cleaved by a rhodium cat-
alyst. In fact, the bond dissociation energy of the C(aryl)-C(carbonyl) bond of acetophenone (406.7 
± 4.6 kcal/mol) is much higher than that of the C(alkyl)-C(carbonyl) bond of acetone (351.9 ± 2.1 
kcal/mol).2 As a result of the mechanism study, the reaction is initiated by oxidative addition of a 
less bulky and less stable C(alkyl)-C(carbonyl) bond to a rhodium center. Then, isomerization pro-
ceeds via decarbonylation and carbonylation to give key intermediate I. Subsequent intramolecular 
alkene insertion and reductive elimination provide the tricyclic compound. 
 
Scheme 1. Example for intramolecular reaction of benzocyclobutenone 
  
                                      
The group has further reported a formal intramolecular [4+2] cycloaddition of cyclobutanones 
with alkynes, where regioselective C-C bond activation of cyclobutanones at the proximal position 
seems to proceed (Scheme 2).3 However, in a similar manner to the above reaction, the mechanism 
study elucidated that this reaction is also initiated by the cleavage of sterically less hindered C-C 
bond followed by decarbonylation and insertion to give rhodacycle II. In these reactions, C-C bond 


























Scheme 2. Intramolecular cyclization of cyclobutanones with alkynes 
   
                                            
The C-C bond cleavage of biphenylene also proceeds at the sterically less hindered site.4 The 
author already reported the iridium-catalyzed formal [4+1] cycloaddition of biphenylenes with al-
kenes as described in Chapter 2 (Scheme 3). When 1-substituted biphenylenes were used, sterically 
less hindered distal C-C bonds were selectively cleaved to give 4-substituted fluorenes as formal 
[4+1] cycloadducts.  
 
Scheme 3. Ir-catalyzed formal [4+1] cycloaddition of biphenylene with alkene 
  
 
Only one example of selective cleavage of the sterically more hindered C-C bond of biphenylene 
was reported by Koga, Matsubara and co-workers (Scheme 4).5 A pyridyl group on the C1-position 
of biphenylene acts as a directing group coordinating to the iridium complex. This coordination 
promotes oxidative addition of the more hindered C-C bond to the metal center to afford 
six-coordinated iridium complex. While this is a stoichiometric reaction, there has been no catalytic 






























Scheme 4. Synthesis of Ir complex via sterically more hindered C-C bond activation 
 
 
With this knowledge in mind, the author attempted to achieve the catalytic transformation initi-
ated by regioselective cleavage of the sterically more hindered C-C bond of biphenylenes (Scheme 
5). The ortho-phenylene-tethered alkene would be installed at the C1-position of biphenylene, 
which could act as a directing group to bring a catalyst close to the objective proximal C-C bond.6 
Subsequent oxidative addition of the hindered C-C bond would give dibenzometallacyclopentadi-
ene as a key intermediate. The alkene moiety would be inserted to the M-C bond and subsequent 
reductive elimination would afford formal [4+1] or [4+2] cycloadducts. In this chapter, the author 
describes the rhodium-catalyzed regioselective C-C bond activation to give dihydroben-
zo[b]fluoranthene derivatives as formal [4+2] cycloadducts. It is noteworthy that an alkene moiety 
acts as both a directing group and a reaction site.  
 




























Results and Discussion 
The author synthesized biphenylene derivative 1a possessing a vinyl group and screened the 
various transition-metal catalysts (Table 1). Although [IrCl(cod)]2-BINAP was the optimal catalyst 
for the intermolecular reaction of biphenylene with alkenes, it did not work in the intramolecular 
reaction and most of 1a was recovered along with the formation of small amounts of unidentified 
compounds (entry 1). The rhodium counterpart also gave no desired cycloadducts (entry 2). When 
cationic iridium and rhodium catalysts were used, the formal [4+2] cycloadduct 2a and its oxidized 
product 3a were obtained. A cationic rhodium catalyst gave a better yield of 2a than a cationic irid-
ium catalyst (entries 3 and 4). Choice of counter anion was crucial for this reaction and BARF gave 
the best result (entries 4-6).  
 
Table 1. Screening of catalysts 
 
entry catalyst (X) yield of 2a / % yield of 3a /% 
1 [IrCl(cod)]2 (20) ND ND 
2 [RhCl(cod)]2 (20) ND ND 
3 [Ir(cod)]2BARF (20) 8 27 
4 [Rh(cod)]2BARF (20) 34 trace 
5 [Rh(cod)]2BF4 (20) 7 2 
6 [Rh(cod)]2OTf (20) ND ND 
 
Next, the author screened various cationic rhodium catalysts to obtain formal [4+2] cycloadduct 
2a selectively (Table 2). The phosphine-ligand-free rhodium catalyst gave a better result (entries 1 
and 2). When SIMes was used as a ligand, the reaction time was dramatically shortened: compound 
1a was completely consumed within 2 h and the product 2a was obtained in 87% yield (entry 3). 
Screening of alternative NHC ligands (entries 4-7) led to no further improvements and attention 
was turned to other reaction parameters. In addition to xylene, dioxane and PhCl were also prefera-
ble solvents (entries 8 and 9). In the presence of the prepared [Rh(cod)(SIMes)]BARF, the product 
catalyst (X mol% of metal)
BINAP (X mol%)






2a was also obtained in a high yield (entry 10). The amount of catalyst could be reduced to 2 mol% 
and a negligible amount of oxidized product 3a was obtained (>20:1, entry 11). Finally, the author 
decided that the condition of entry 11 was optimal. 
 
Table 2. Screening of Rh catalysts 
  
entry catalyst (X) additive solvent  time / h yield of 2a / % 
1 [Rh(cod)]2BARF (20) BINAP xylene 24 34 
2 [Rh(cod)]2BARF (20) - xylene 24 52 
3 [RhCl(cod)(SIMes)] (10) NaBARF xylene 2 87 
4 [RhCl(cod)(IMes)] (10) NaBARF xylene 24 59 
5 [RhCl(cod)(SIPr)] (10) NaBARF xylene 3 78 
6 [RhCl(cod)(ImNMe2)] (10) NaBARF xylene 5 56 
7 [RhCl(cod)(ImNCy2)] (10) NaBARF xylene 24 30 
8 [RhCl(cod)(SIMes)] (10) NaBARF dioxane 2 83 
9 [RhCl(cod)(SIMes)] (10) NaBARF PhCl 2 87 
10 [Rh(cod)(SIMes)]BARF (10) - xylene 2 89 
11 [Rh(cod)(SIMes)]BARF (2) - xylene 2 92 (>20:1) 
   
 
Under the optimized conditions (entry 11, Table 2), the scope of tether moiety between bi-
phenylene and vinyl group was examined (Table 3). The substrates tethered by 3-substituted or-
tho-phenylene moieties gave the corresponding products 2b-2c. Both electron-donating and 
-withdrawing groups on the C4 position of ortho-phenylene tether were tolerated in this reaction 
and compounds 2d-2f were obtained. When the reactions of 1d and 1f were conducted in xylene, 
compounds 5d and 6f were probably observed in complex mixture judging from 1H NMR and MS. 
A methoxy-substituent at the C5-position had a negative effect, probably due to the steric repulsion 
catalyst (X mol%)
additive (X mol%)




R1 = 2,4,6-Me3C6H2   (SIMes)
2,6-(i-Pr)2C6H3       (SIPr)









between the aryl group of SIMes and the methoxy group on phenylene-tether, and the yield of 
compound 2g was low. In contrast, the reaction of halogen-substituted substrates 1h and 1i effi-
ciently proceeded to give 2h and 2i in high yields. The author analyzed the single crystal of 2i by 
X-ray diffraction and confirmed the structure of the formal [4+2] cycloadduct (Figure 1). When the 
fluorine atom was placed at the C6-position of substrate, compound 2j was obtained in a high yield. 
Although the reaction of 1,2- or 2,3-naphthylene-tethered compound did not proceed at all, a mix-
ture of 2,1-naphthylene-tethered product 2k and oxidized product 3k was obtained.  
 
Table 3. Scope of tethers[a]  
  
[a] The ratio of 2 and 3 was shown in parentheses. [b] PhCl was used as a solvent. [c] Catalyst (5 mol%) was used. 
2b: 97%[b] (14:1) 2c: 66%[b,c] (>20:1) 2d: 87%[b]  (>20:1)
2e: 86% (>20:1) 2f: 84%[b] (>20:1) 2g: 31%[c] (17:1)
2h: 88% (>20:1) 2i: 90%[b] (>20:1) 2j: 93%[b,c] (>20:1) 2k: 63% (7.6:1)
[Rh(cod)(SIMes)]BARF (2 mol%)






















5d: observed by NMR and MS





Figure 1. ORTEP diagram of 2i  
(Thermal ellipsoids shown at 50% probability) 
 
Next, the author examined the substituent on biphenylene and alkene moieties. When the dime-
thyl-substituted biphenylene 1l was used, the desired product 2l was obtained, but part of the prod-
uct was oxidized to compound 3l. While the reaction of 1,2-disustituted alkenes (R2 = H, R3 ≠ H) 
did not proceed at all, the reaction of 1,1-disubstituted alkenes 1m and 1n proceeded to afford the 
products 2m, 2n. both possessing an all-carbon quaternary center. 
 
Table 4. Scope of biphenylenes and alkenes [a] 
 
[a] The ratio of 2 and 3 was shown in parentheses. [b] PhCl was used as a solvent. [c] Catalyst (5 mol%) was used. 
 
[Rh(cod)(SIMes)]BARF (2 mol%)

















To compare the physical properties of dihydrobenzo[b]fluoranthenes 2 and ben-
zo[b]fluoranthenes 3, the oxidation of 2 by DDQ was conducted (Table 5). Compound 2a was 
smoothly oxidized at room temperature to give aromatized product 3a in a high yield. While the 
oxidation of 2d to 3d proceeded in a moderate yield, 3f with a chloro group was obtained in a high 
yield. Dihydrodibenzo[b,l]fluoranthene 2k could be oxidized to give 3k in a good yield. 
 
Table 5. Oxidation of 2 to 3 
 
 
Next, the author measured photophysical properties of 2 and 3. UV-Vis spectra are shown in 
Figures 2 and 3. The peaks at visible light region of 3 were red-shifted compared with those of 2 
due to the increased aromaticity of 3. Moreover, the maximal absorption wavelength of 2k was 
slightly different from those of other compounds 2. These data show that the p systems of com-
pounds 2 were not conjugated across the whole molecule because they have a non-aromatic ring. 
Concerning the effects of substituents on 2, a methoxy group as an electron-donating group and 
naphthylene-tether induced a blue-shift. The absorption coefficient of 2f was lower than that of 
non-substituted 2a. Almost the same tendencies were observed in the spectra of compounds 2 and 3. 
Fluorescence spectra of 2 and 3 were also measured (Figures 4 and 5). The shape of the spectra of 
2d and 3 were broad, whereas the spectra of 2a, 2f and 2k showed the split peaks. These results 
would suggest that the structures of 2a, 2f and 2k in excited state were not stabilized by acetonitrile, 
and 2d and 3 had polarized structures in the excited state. The substituent effects of 2 on quantum 
yields were not significant (Table 6). On the other hand, quantum yields of 3d, 3f and 3k were 
DDQ (1.2 equiv)
DCM, rt, 30 min








dramatically diminished compared with that of 3a. Interestingly, although the quantum yield of 3a 
in the solid-state was lower than an acetonitrile solution, there was only a slight difference in the 
quantum yield between solid and solution state of 2a. In summary, compounds 2 and 3 showed 
considerably different physical properties. 
 
 
Figure 2. UV-Vis spectra of 2 in MeCN solution  
(2a; 2.2×10-4 M, 2d; 1.3×10-4 M, 2f; 1.4×10-4 M, 2k; 5.9×10-5 M) 
 
Figure 3. UV-Vis spectra of 3 in MeCN solution  





















































Figure 4. Fluorescence spectra of 2 in MeCN solution  
(2a; 2.2×10-5 M (269 nm), 2d; 1.3×10-5 M (276 nm), 2f; 1.4×10-5 M (273 nm), 2k; 5.9×10-5 M (265 nm)) 
 
 
Figure 5. Fluorescence spectra of 3 in MeCN solution  
















































Table 6. Quantum yields of 2 and 3 
Compound Φ (solution) Φ (solid) Compound Φ (solution) Φ (solid) 
2a 0.35 0.31 3a 0.78 0.44 
2d 0.34 0.20 3d 0.11 0.23 
2f 0.28 0.08 3f 0.07 0.09 
2k 0.14 0.14 3k 0.15 0.25 
Excitation wavelength 2a; 269 nm, 2d; 276 nm, 2f; 273 nm, 2k; 265 nm, 3a; 300 nm, 3d; 306 nm, 3f; 302 nm, 3k; 323 
nm, Concentration 2a; 2.2×10-4 M, 2d; 1.3×10-4 M, 2f; 1.4×10-4 M, 2k; 5.9×10-5 M, 3a; 7.5×10-5 M, 3d; 1.4×10-4 M, 3f; 
1.9×10-4 M, 3k; 1.3×10-4 M   
 
To elucidate the reaction mechanism, the author conducted an intermolecular reaction of bi-
phenylene (7) with styrene (8) under the optimal conditions: cycloadduct 9 was not detected and 
most of biphenylene was recovered (Scheme 6). In addition, the competition experiment was con-
ducted by the reaction of 2a and styrene (8) (Scheme 7). The intramolecular cycloadduct 3a was 
obtained in a high yield and the intermolecular cycloadduct 10 was not detected. These results im-
ply that the role of the tethered alkene moiety was crucial for this reaction.  
 
Scheme 6. Intermolecular reaction of 7 with 8 
   
 
Scheme 7. Competition experiment of 2a with 8 
  
[Rh(cod)(SIMes)]BARF (5 mol%)













2a 8 3a 10
(4.0 equiv)




Next, the author conducted the reaction in the presence of D2O (Scheme 8). Although hydrogen 
on the methylene group was not replaced by deuterium, 37% of deuterium on the methine group of 
product 3d-d was observed. This result suggested that a rhodium-hydride species was generated in 
the reaction and H/D exchange proceeded between rhodium-hydride intermediate and D2O.7 
 
Scheme 8. The reaction of 2d in the presence of D2O 
 
 
The plausible reaction mechanism was shown in Scheme 9. The alkene moiety and biphenylene 
skeleton of compound 1a are coordinated to active rhodium species to form intermediate A. This 
coordination seems most likely due to the results of catalyst screening (Table 1). When a neutral 
iridium or rhodium catalyst was used, almost no reaction proceeded (entries 1 and 2), even though 
these catalysts can cleave the C-C bond of biphenylenes as described in Chapter 2. These results 
suggested that both biphenylene and an alkene are coordinated to the metal center to form a 
18-electron complex, thus, oxidative addition cannot proceed at all. This assumption is consistent 
with the results of Schemes 6 and 7. Regioselective oxidative addition into the sterically hindered 
C-C bond proceeds to give intermediate B. Subsequent insertion of the alkene to the Rh-C bond 
and reductive elimination from C gives [4+2] cycloadduct 2a. As reaction pathways for the by-
products 5a and 6a, β-elimination from intermediate C gives intermediate D. The β-elimination can 
be reversible based on the deuterium-labeling experiment in Scheme 8. If intramolecular insertion 
and reductive elimination proceed, the formal [4+1] cycloadduct would be generated, but it is not 
observed at all. Instead, reductive elimination proceeds to afford 5a as a byproduct in some reac-
tions. After the formation of 2a and 5a, hydrogen transfer from 2a to 5a may occur to give oxidized 
product 3a and byproduct 6a. Overall, it is most likely that the rate-determining step is reductive 
elimination from C because the chemical equilibrium between C and D exists and therefore C can 












Scheme 9. Plausible reaction mechanism 
 
 
Finally, the author investigated enantioselective reaction to obtain optically active 2a by using 
the combination of a cationic rhodium catalyst and a chiral ligand (Table 7). Firstly, when chiral 
NHC ligand L1 was used, the yield was moderate and the ee was low (entry 1). Next, a library of 
the privileged BINAP derivatives were screened: when (S)-xyl-BINAP was used, the enantioselec-
tivity was highest (entries 2-5). Various chiral diphosphine ligands were also examined and 
(R)-C3-TUNEPHOS gave the best yield, albeit with moderate ee (entries 6-11). Chiral diene ligand 






































Table 7. Screening of chiral ligands 
 
entry chiral ligand yield / % ee /% 
1 NHC L1 59 -17 
2 (S)-BINAP 34 39 
3 (S)-tol-BINAP 39 42 
4 (S)-xyl-BINAP 31 57 
5 (S)-DTBM-BINAP 12 7 
6 (S)-SEGPHOS 47 26 
7 (R)-C3-TUNEPHOS 71 -30 
8 (R)-SDP 22 -9 
9 (R)-MeO-BIPHEP 13 -37 
10 (S,S)-CHIRAPHOS 33 25 
11 (R,R)-QuinoxP* 22 55 




The author accomplished regioselective sterically hindered C-C bond activation of biphenylenes 
to afford dihydrobenzofluoranthene derivatives via formal [4+2] cycloaddition in the presence of 
[Rh(cod)(SIMes)]BARF. Ortho-phenylene-tethered alkenes played important roles as a directing 
group and a reaction site. This reaction showed wide functional-group-tolerance for both elec-
tron-donating and -withdrawing groups such as methoxy and halogen groups. The obtained dihy-
drobenzofluoranthene 2 showed the different photophysical properties from those of their oxidized 
[Rh(cod)2]BARF (20 mol%)
chiral ligand (20 mol%)









products 3. Mechanistic investigations suggested that reaction pathway for formal [4+1] cycloaddi-
tion existed in addition to formal [4+2] cycloaddition pathway, but [4+2] cycloaddition was pref-
erential to [4+1] cycloaddition. When chiral diphosphine ligand (S)-xyl-BINAP was used, the opti-
cally active product was obtained in 57% ee. 
 
Experimental Section  
A) General information 
1H NMR spectra were recorded with ECX-500 (500 MHz) spectrometer. Chemical shift values 
for protons were reported in parts per million (δ) relative to internal standard tetramethylsilane (0.0 
ppm). 13C NMR spectra were obtained by JEOL ECX-500 (125 MHz) spectrometers and referenced 
to the internal solvent signals (central peak is 77.0 ppm in CDCl3). Data are presented as follows: 
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, dd = doublet of dou-
blets), coupling constant in Hz, and area integration. HRMS were measured with an ESI-orbitrap 
mass spectrometer or a DART-orbitrap mass spectrometer.8 UV-vis spectra were measured on a 
JASCO V-630 photometer. Fluorescence spectra were taken on a JASCO FP-8200 spectrofluorom-
eter. Absolute PL quantum yield was measured by Hamamatsu Photonics C9920-02 spectrometer, 
and quantum yields were determined with an integrating sphere (diameter 10 cm). X-ray structure 
was obtained by a Rigaku R-AXIS RAPID diffractometer. PTLC was performed with silica 
gel-precoated glass plates (Merck 60 GF254) prepared in author’s laboratory. All reagents were 
weighed and handled in air and backfilled under argon at room temperature. All reactions were 
performed under an argon atmosphere. Unless otherwise noted, organic compounds and solvents 
were purchased from Tokyo Kasei Co., Aldrich Inc., and other commercial suppliers and were used 
without further purification. Compounds 3a,9 3d10 and 3f9 were already reported. 
 
B) Experimental procedures   
General procedure for intramolecular C-C activation  
[Rh(cod)(SIMes)]BARF (0.002 mmol) and vinylphenyl-biphenylene derivatives 1 (0.1 mmol) were 
placed in a Schlenk tube, which was then evacuated and backfilled with argon (×3). To the reaction 
vessel was added dehydrated xylene (0.5 mL, prepared by argon bubbling for 30 sec). The solution 
was then stirred at 135 °C (bath temperature) for 2-24 h. The reaction mixture was cooled to room 
temperature and the solvent was evaporated to dryness. The obtained crude products were purified 
by PTLC to give products 2. 
 
 




Synthesis of [Rh(cod)(SIMes)]BARF 
To a round-bottom flask, [RhCl(cod)(SIMes)]11 (1.0 equiv) and NaBARF(1.1 equiv) were added. 
Dichloromethane (0.1 M) was added to the reaction vessel, then the reaction mixture was stirred at 
room temperature for 3 h. The reaction mixture was filtered with Celite, and concentrated under 
reduced pressure. Product was obtained after recrystallization (DCM /hexane, dissolved at rt and 
cooled to -78 °C) as a yellow solid. 1H NMR (CDCl3) δ 1.60 (br, 2H), 1.98 (br, 2H), 2.32 (s, 3H), 
2.39 (s, 6H), 3.57 (d, 2H, J = 46.0 Hz), 3.90 (br, 2H), 7.04 (s, 2H), 7.52 (s, 2H), 7.70 (s, 4H); 13C 
NMR (CDCl3) δ 10.0, 20.9, 20.9, 27.0, 32.7, 51.5, 117.5, 123.4, 125.6, 130.5, 134.8, 135.3, 140.9 
(a pair of peaks at the aromatic region was overlapped); HRMS (ESI, positive): m/z calcd. for 
C29H38N2Rh+ [Rh(cod)(SIMes)]+ 517.2085, found 517.2085 ; (ESI, negative): m/z calcd. for 
C32H12BF24－ [BARF]－ 863.0654, found 863.0661. 
 
Scheme S1. Synthetic route of substrates 
 
 
Procedure A: General procedure of Suzuki-Miyaura coupling 
Method A : Synthesized from BPin derivatives12 
To a round-bottom flask, 1-bromobiphenylene derivatives13 (1.0 equiv), Pd(PPh3)4 (5.0 mol%), CsF 
(2.5 equiv) and 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-benzaldehyde derivatives14 (1.0 
equiv) were added. Dehydrated DME (0.1 M) was added to the reaction vessel, then the mixture 
was refluxed for 1-24 h. The reaction mixture was then diluted with H2O and extracted with DCM. 
The organic layers were dried with Na2SO4, filtered, and concentrated under reduced pressure. The 
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Method B : Synthesized from B(OH)2 derivatives15 
To a round-bottom flask, 1-bromobiphenylene (1.0 equiv), Pd(PPh3)4 (6.0 mol%), Na2CO3 (4.0 
equiv) and boronic acid (1.1 equiv) were added. DME (0.11 M), EtOH (0.36 M), and water (0.5 M) 
were added to the reaction vessel, then the mixture was refluxed for 1-24 h. The reaction mixture 
was then extracted with water and Et2O. The organic layer was dried with Na2SO4, filtered, and 
concentrated under reduced pressure. The product was purified by flash column chromatography 
(silica gel) to give the products. 
 
Procedure B : General procedure of Wittig reaction16 
A round-bottom flask charged with Ph3PMeBr (2.0 equiv) was evacuated and filled with argon 
three times before dehydrated THF (0.25 M) was added. The mixture was cooled to 0 °C, then 
KOt-Bu (2.0 equiv) and 2-(biphenylen-1-yl)-benzaldehyde (or ketone) derivatives S2b-S2o (1.0 
equiv) was added subsequently. The reaction mixture was stirred for 1-24 h and quenched with wa-
ter, extracted with Et2O (×2), the organic phase was dried over NaSO4, filtered, and concentrated 
under reduced pressure. The product was purified by flash column chromatography (silica gel) to 
give the products. 
 
General procedure of DDQ oxidation17 
A round-bottom flask charged with DDQ (1.2 equiv) and 2 (1.0 equiv) was evacuated and filled 
with argon three times before dehydrated DCM was added. The mixture was stirred for 30 min and 
quenched with sat. aq. NaHCO3. The mixture was washed with sat. aq. NaHCO3 several times and 
organic phase was separated, dried over NaSO4, filtered, and concentrated under reduced pressure. 
The product was purified by flash column chromatography (silica gel) to give the products. 
 
C) Characterization data for new compounds  
1-Bromo-biphenylene (11a) 
Isolated by PTLC (hexane only, Rf = 0.4). The title compound was obtained as a yellow solid 
(694.4 mg, 60%); mp 32-33 °C; 1H NMR δ 6.55 (d, J = 6.7 Hz, 1H), 6.60 (dd, J = 6.7, 6.7 Hz, 1H), 
6.64-6.66 (m, 1H), 6.77-6.80 (m, 4H); 13C NMR δ 109.9, 116.0, 117.6, 117.9, 128.8, 129.0, 130.0, 
131.4, 149.6, 149.7, 150.9, 152.8; HRMS (DART, positive): m/z calcd. for C12H779Br+ [M]+ 
229.9726, found 229.9721. 
 
1-Bromo-6,7-dimethylbiphenylene (11l) 
Isolated by PTLC (hexane only, Rf = 0.55). The title compound was obtained as a yellow solid 
(230.3 mg, 30%); mp 87-89 °C; 1H NMR δ 2.08 (s, 3H), 2.10 (s, 3H), 6.45-6.48 (m, 2H), 6.52-6.55 




(m, 1H), 6.60 (s, 1H), 6.71 (d, J = 8.6 Hz, 1H); 13C NMR δ 20.3, 20.4, 109.2, 115.3, 120.0, 120.4, 
129.6, 130.9, 136.5, 136.6, 147.1, 147.2, 151.1, 153.1; HRMS (DART, positive): m/z calcd. for 
C14H11Br+ [M]+ 258.0039, found 258.0030. 
 
2-(Biphenylen-1-yl)-6-methoxybenzaldehyde (Method B) (12b) 
Isolated by PTLC (hexane/diethyl ether = 9/1, Rf = 0.50). The title compound was obtained as yel-
low oil (399.7 mg, 93%); 1H NMR δ 3.95 (s, 3H), 6.39 (d, J = 6.7 Hz, 1H), 6.63-6.75 (m, 5H), 6.80 
(dd, J = 7.8, 7.4 Hz, 1H), 7.00-7.01 (m, 2H), 7.54 (dd, J = 8.1, 8.0 Hz, 1H), 10.26 (s, 1H); 13C 
NMR δ 56.1, 111.1, 116.7, 117.5, 117.9, 122.2, 123.1, 128.4, 128.6, 128.7, 129.7, 134.3, 142.7, 
150.3, 150.5, 151.0, 151.1, 160.4, 191.0 (a pair of peaks at the aromatic region was overlapped); 
HRMS (ESI, positive): m/z calcd. for C20H14NaO2+ [M+H]+ 309.0886, found 309.0886. 
 
2-(Biphenylen-1-yl)-6-fluorobenzaldehyde (Method B) (12c) 
Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.40). The title compound was obtained as a yellow 
solid (365.0 mg, 89%); mp 93-95 °C; 1H NMR δ 6.39 (d, J = 6.8 Hz, 1H), 6.67-6.72 (m, 4H), 
6.75-6.78 (m, 1H), 6.85 (dd, J = 8.4, 6.8 Hz, 1H), 7.17 (dd, J = 10.5, 8.4 Hz, 1H), 7.27 (d, J = 7.7 
Hz, 1H), 7.57-61 (m, 1H), 10.16 (s, 1H) ; 13C NMR δ 116.2 (d, J = 21.5 Hz), 117.1, 117.8, 118.0, 
122.4 (d, J = 7.5 Hz), 125.7 (d, J = 3.9 Hz), 127.0 (d, J = 2.4 Hz), 128.6, 129.0, 129.1, 129.5, 134.8 
(d, J = 10.4 Hz), 143.0 (d, J = 1.5 Hz), 150.0, 150.7, 151.0, 151.2, 162.2 (d, J = 263.5 Hz), 189.0; 
HRMS (ESI, positive): m/z calcd. for C19H11FNaO+ [M+Na]+ 297.0686, found 297.0685. 
 
2-(Biphenylen-1-yl)-5-methoxybenzaldehyde (Method A) (12d) 
Isolated by PTLC (hexane/EtOAc = 5/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (433.0 mg, 83%); mp 114-116 °C; 1H NMR δ 3.90 (s, 3H), 6.35 (d, J = 7.2 Hz, 1H), 6.66-6.69 
(m, 3H), 6.73-6.77 (m, 2H), 6.85 (dd, J = 8.3, 6.9 Hz, 1H), 7.21 (dd, J = 8.5, 2.8 Hz, 1H), 7.41 (d, J 
= 8.5 Hz, 1H), 7.52 (d, J = 2.8 Hz, 1H), 10.15 (s, 1H); 13C NMR δ 55.6, 110.2, 116.6, 117.7, 117.8, 
121.8, 127.4, 128.6, 128.8, 129.1, 130.0, 131.2, 134.4, 134.8, 150.3, 150.6, 151.0, 151.2, 159.5, 
191.9; HRMS (ESI, positive): m/z calcd. for C20H14NaO2+ [M+Na]+ 309.0886, found 309.0886. 
 
2-(Biphenylen-1-yl)-5-fluorobenzaldehyde (Method A) (12e) 
Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.40). The title compound was obtained as a yellow 
solid (356.1 mg, 87%); mp 98-101 °C; 1H NMR δ 6.33 (d, J = 6.8 Hz, 1H), 6.68-6.79 (m, 5H), 6.88 
(dd, J = 8.3, 6.9 Hz, 1H), 7.34-7.38 (m, 1H), 7.48 (dd, J = 8.5, 5.2 Hz, 1H), 7.71 (dd, J = 8.9, 2.8 
Hz, 1H), 10.14 (d, J = 3.3 Hz, 1H) ; 13C NMR δ 114.0 (d, J = 22.4 Hz), 117.0, 117.9 (d, J = 7.2 Hz), 
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121.3 (d, J = 22.4 Hz), 126.5, 128.7, 129.0, 129.3, 129.7, 131.9 (d, J = 7.4 Hz), 135.1, 135.1, 137.9 
(d, J = 3.3 Hz), 149.9, 150.8, 151.0, 151.2, 162.4 (d, J = 250.0 Hz), 190.8 (d, J = 1.8 Hz); HRMS 
(ESI, positive): m/z calcd. for C19H11FNaO+ [M+Na]+ 297.0686, found 297.0686. 
 
2-(Biphenylen-1-yl)-5-chlorobenzaldehyde (Method A) (12f) 
Isolated by PTLC (hexane/DCM = 4/1, Rf = 0.45). The title compound was obtained as a yellow 
solid (350.4 mg, 80%); mp 147-150 °C; 1H NMR δ 6.34 (d, J = 7.2 Hz, 1H), 6.69-6.79 (m, 5H), 
6.88 (dd, J = 8.3, 6.9 Hz, 1H), 7.44 (d, J = 8.3 Hz, 1H), 7.61 (dd, J = 8.3, 2.3 Hz, 1H), 8.00 (d, J = 
2.3 Hz, 1H), 10.13 (s, 1H); 13C NMR δ 117.1, 117.9, 126.4, 127.7, 128.7, 129.1, 129.4, 129.5, 
131.3, 133.9, 134.5, 134.7, 140.1, 149.8, 150.9, 151.0, 151.3, 190.7 (a pair of peaks at the aromatic 
region was overlapped); HRMS (ESI, positive): m/z calcd. for C19H1135ClNaO+ [M+Na]+ 313.0391, 
found 313.0390. 
 
2-(Biphenylen-1-yl)-4-methoxybenzaldehyde (Method A) (12g) 
Isolated by PTLC (hexane/EtOAc = 4/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (372.9 mg, 82%); mp 96-98 °C; 1H NMR δ 3.90 (s, 3H), 6.38 (d, J = 7.2 Hz, 1H), 6.68-6.70 
(m, 3H), 6.75-6.78 (m, 2H), 6.87 (dd, J = 8.1, 7.0 Hz, 1H), 6.92 (d, J = 2.6 Hz, 1H), 7.00 (dd, J = 
8.8, 2.6 Hz, 1H), 8.07 (d, J = 8.7 Hz, 1H), 10.06 (s, 1H); 13C NMR δ 55.7, 114.1, 114.5, 117.0, 
117.8, 117.9, 127.1, 127.6, 128.7, 128.9, 129.1, 129.7, 130.3, 144.3, 150.2, 150.7, 151.1, 151.2, 
164.0, 190.7; HRMS (ESI, positive): m/z calcd. for C20H14NaO2+ [M+Na]+ 309.0886, found 
309.0886. 
 
2-(Biphenylen-1-yl)-4-fluorobenzaldehyde (Method A) (12h) 
Isolated by PTLC (hexane/DCM = 9/1, Rf = 0.45). The title compound was obtained as a yellow 
solid (538.2 mg, 98%); mp 91-93 °C; 1H NMR δ 6.36-6.38 (m, 1H), 6.69-6.72 (m, 3H), 6.74-6.79 
(m, 2H), 6.88 (dd, J = 8.4, 6.8 Hz, 1H), 7.16-7.20 (m, 2H), 8.06-8.09 (m, 1H), 10.11 (s, 1H); 13C 
NMR δ 115.8 (d, J = 21.8 Hz), 116.4 (d, J = 22.1 Hz), 117.3, 117.9, 118.0, 126.3 (d, J = 1.8 Hz), 
128.8, 129.1, 129.3 (d, J = 4.5 Hz), 130.1 (J = 2.7 Hz), 130.9, 131.0, 144.7 (d, J = 9.3 Hz), 149.8, 
150.9, 151.0, 151.3, 165.9 (d, J = 256.9 Hz), 190.7; HRMS (ESI, positive): m/z calcd. for 
C19H11FNaO+ [M+Na]+ 297.0686, found 297.0685. 
 
2-(Biphenylen-1-yl)-4-chlorobenzaldehyde (Method A) (12i) 
Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.45). The title compound was obtained as a yellow 
solid (369.7 mg, 64%); mp 120-123 °C; 1H NMR δ 6.35-6.37 (m, 1H), 6.69-6.80 (m, 5H), 6.88 (dd, 
J = 8.4, 6.9 Hz, 1H), 7.45-7.47 (m, 1H), 7.49 (d, J = 2.1 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 10.13 (d, 




J = 0.8 Hz, 1H); 13C NMR δ 117.3, 117.9, 118.0, 126.1, 128.5, 128.8, 129.1, 129.3, 129.4, 129.5, 
129.7, 131.8, 140.4, 143.3, 149.7, 151.0, 151.0, 151.3, 190.8; HRMS (DART, positive): m/z calcd. 
for C19H1135ClNaO+ [M+Na]+ 313.0391, found 313.0390. 
 
2-(Biphenylen-1-yl)-3-fluorobenzaldehyde (Method A) (12j) 
Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.40). The title compound was obtained as a yellow 
solid (243.6 mg, 59%); mp 80-83 °C; 1H NMR δ 6.30-6.31 (m, 1H), 6.67-6.70 (m, 3H), 6.75-6.78 
(m, 2H), 6.86 (dd, J = 8.4, 6.8 Hz, 1H), 7.39-7.42 (m, 1H), 7.45-7.49 (m, 1H), 7.84 (dd, J = 7.8, 1.1 
Hz, 1H), 10.09 (d, J = 0.7 Hz, 1H); 13C NMR δ 117.3, 117.8, 118.0, 120.1, 121.2 (d, J = 23.0 Hz), 
123.6 (d, J = 3.6 Hz), 128.6, 128.7, 128.9 (d, J = 16.1 Hz), 129.0, 129.4 (d, J = 8.1 Hz), 130.6 (d, J 
= 2.1 Hz) 135.4 (d, J = 2.4 Hz), 150.1, 151.1, 151.2, 152.1, 159.8 (d, J = 249.7 Hz), 190.9 (d, J = 
3.9 Hz); HRMS (ESI, positive): m/z calcd. for C19H11FNaO+ [M+Na]+ 297.0686, found 297.0686. 
 
2-(Biphenylen-1-yl)-1-naphthaldehyde (Method A) (12k) 
Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.45). The title compound was obtained as a yellow 
solid (327.5 mg, 76%); mp 123-125 °C; 1H NMR δ 6.35 (d, J = 6.9 Hz, 1H), 6.67-6.72 (m, 3H), 
6.77 (dd, J = 7.4, 7.4 Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 6.89 (dd, J = 8.3, 6.7 Hz, 1H), 7.57 (d, J = 
8.4 Hz, 1H), 7.58-7.61 (m, 1H), 7.68-7.72 (m, 1H), 7.91 (d, J = 8.1 Hz, 1H), 8.11 (d, J = 8.4 Hz, 
1H), 9.28 (d, J = 8.6 Hz, 1H), 10.45 (s, 1H); 13C NMR δ 117.0, 117.8, 118.2, 125.8, 127.0, 127.1, 
128.3, 128.3, 128.7, 128.7, 129.0, 129.0, 129.3, 130.2, 130.5, 133.2, 134.5, 143.9, 150.2, 151.1, 
151.1, 151.7, 194.0; HRMS (ESI, positive): m/z calcd. for C23H14NaO+ [M+Na]+ 329.0937, found 
329.0937. 
 
1-(2-(Biphenylen-1-yl)phenyl)ethen-1-one (Method B) (12m) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.45). The title compound was obtained as yellow oil 
(362.2 mg, 67%); 1H NMR δ 2.32(s, 3H), 6.45 (d, J = 6.7 Hz, 1H), 6.64 (d, J = 6.8 Hz, 1H), 
6.66-6.68 (m, 2H), 6.71 (d, J = 6.8 Hz, 1H), 6.73-6.77 (m, 1H), 6.79-6.83 (m, 1H), 7.40-7.43 (m, 
2H), 7.50-7.53 (m, 1H), 7.58 (d, J = 7.7 Hz, 1H); 13C NMR δ 30.3, 116.7, 117.6, 118.1, 127.9, 
128.5, 128.5, 128.7, 129.1, 129.1, 129.4, 130.5, 131.1, 136.7, 140.3, 149.4, 150.5, 151.0, 151.4, 
204.0; HRMS (DART, positive): m/z calcd. for C20H14NaO+ [M+Na]+ 293.0937, found 293.0936. 
 
(2-(Biphenylen-1-yl)phenyl)(phenyl)methanone (Method A) (12n) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.40). The title compound was obtained as yellow oil 
(220.8 mg, 95%); 1H NMR δ 6.36 (dd, J = 5.2, 2.3 Hz, 1H), 6.51-6.52 (m, 2H), 6.53-6.57 (m, 2H), 
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6.70-6.72 (m, 2H), 7.27 (dd, J = 7.9, 7.4 Hz, 2H), 7.39-7.42 (m, 1H), 7.46-7.51 (m, 2H), 7.56-7.62 
(m, 4H); 13C NMR δ 116.1, 117.2, 117.9, 127.7, 128.0, 128.3, 128.4, 128.6, 129.1, 129.3, 129.6, 
129.8, 130.4, 130.8, 132.8, 137.5, 137.6, 138.4, 149.5, 150.8, 151.0, 151.0, 198.1; HRMS (ESI, 
positive): m/z calcd. for C25H16NaO+ [M+Na]+ 355.1093, found 355.1093. 
 
1-(2-Vinylphenyl)biphenylene (1a) 
Isolated by PTLC (hexane only, Rf = 0.30). The title compound was obtained as a yellow solid 
(212.3 mg, 84%); mp 65-67 °C; 1H NMR δ 5.23 (dd, J = 11.0, 1.2 Hz, 1H), 5.77 (dd, J = 17.5, 1.2 
Hz, 1H), 6.37-6.39 (m, 1H), 6.63 (dd, J = 6.7, 0.7 Hz, 1H), 6.65-6.69 (m, 2H), 6.71-6.76 (m, 2H), 
6.82 (dd, J = 8.4, 6.7 Hz, 1H), 6.87 (dd, J = 17.5, 11.0 Hz, 1H), 7.31-7.35 (m, 3H), 7.65-7.67 (m, 
1H); 13C NMR δ 115.1, 116.0, 117.2, 118.4, 125.4, 127.8, 127.9, 128.2, 128.2, 128.5, 129.3, 130.3, 
130.7, 135.2, 135.7, 136.7, 149.8, 151.0, 151.3, 151.3; HRMS (ESI, positive): m/z calcd. for 
C20H15+ [M+H]+ 255.1168, found 255.1161. 
 
1-(3-Methoxy-2-vinylphenyl)biphenylene (1b) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (232.8 mg, 71%); mp 65-67 °C; 1H NMR δ 3.90 (s, 3H), 5.38 (dd, J = 11.8, 2.3 Hz, 1H), 5.80 
(dd, J = 17.8, 2.3 Hz, 1H), 6.40 (d, J = 6.7 Hz, 1H), 6.60 (dd, J = 6.5, 1.0 Hz, 1H), 6.64-6.68 (m, 
2H), 6.70-6.79 (m, 4H), 6.91 (d, J = 8.3 Hz, 1H), 6.95 (dd, J = 7.7, 1.0 Hz, 1H), 7.24 (dd, J = 8.0, 
7.9 Hz, 1H); 13C NMR δ 55.7, 110.3, 116.0, 117.2, 118.3, 120.4, 122.0, 124.8, 127.9, 128.2, 128.2, 
128.3, 130.5, 131.0, 131.5, 138.9, 149.7, 151.0, 151.3, 151.5, 158.2; HRMS (ESI, positive): m/z 
calcd. for C21H17O+ [M+H]+ 285.1274, found 285.1275. 
 
1-(3-Fluoro-2-vinylphenyl)biphenylene (1c) 
Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.85). The title compound was obtained as a yellow 
solid (189.6 mg, 87%); mp 97-100 °C; 1H NMR δ 5.46-5.49 (m, 1H), 5.88-5.93 (m, 1H), 6.39 (d, 
6.7 Hz, 1H), 6.59 (dd, J = 17.9, 11.8 Hz, 1H), 6.62 (dd, J = 6.7, 0.6 Hz, 1H), 6.65-6.75 (m, 4H), 
6.80 (dd, J = 8.4, 6.7 Hz, 1H), 7.04-7.09 (m, 1H), 7.12 (dd, J = 7.7, 1.0 Hz, 1H), 7.21-7.25 (m, 1H); 
13C NMR δ 115.3 (d, J = 23.5 Hz), 116.3, 117.3, 118.4, 121.2 (d, J = 11.9 Hz), 123.6 (d, J = 11.9 
Hz), 125.1 (d, J = 3.3 Hz), 128.1, 128.2, 128.4 (d, J = 15.5 Hz), 128.5, 129.0, 130.0 (d, J = 3.0 Hz), 
130.1, 139.42 (d, J = 2.4 Hz), 149.9, 151.1, 151.1, 151.2, 161.5 (d, J = 250.3 Hz); HRMS (DART, 
positive): m/z calcd. for C20H14F+ [M+H]+ 273.1074, found 273.1069. 
 
1-(4-Methoxy-2-vinylphenyl)biphenylene (1d) 
Isolated by PTLC (hexane/EtOAc = 4/1, Rf = 0.60). The title compound was obtained as a yellow 




solid (224.9 mg, 79%); mp 62-64 °C; 1H NMR δ 3.87 (s, 3H), 5.24 (dd, J = 11.0, 1.2 Hz, 1H), 5.76 
(dd, J = 17.4, 1.2 Hz, 1H), 6.38 (d, J = 6.8 Hz, 1H), 6.60 (dd, J = 6.7, 0.6 Hz, 1H), 6.64-6.68 (m, 
2H), 6.70-6.74 (m, 2H), 6.78-6.90 (m, 3H), 7.17 (d, J = 2.7 Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H); 13C 
NMR δ 55.4, 110.6, 113.9, 115.3, 115.8, 117.2, 118.4, 128.2, 128.2, 128.5, 129.7, 130.5, 130.6, 
130.6, 135.4, 137.0, 149.7, 151.1, 151.3, 151.5, 159.4; HRMS (ESI, positive): m/z calcd. for 
C21H17O+ [M+H]+ 285.1274, found 285.1277. 
 
1-(4-Fluoro-2-vinylphenyl)biphenylene (1e) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.70). The title compound was obtained as a yellow 
solid (225.1 mg, 83%); mp 57-60 °C; 1H NMR δ 5.29 (d, J = 10.9 Hz, 1H), 5.77 (d, J = 17.4 Hz, 
1H), 6.36 (d, J = 6.8 Hz, 1H), 6.63 (d, J = 6.8 Hz, 1H), 6.66-6.75 (m, 4H), 6.79-6.85 (m, 2H), 
6.99-7.03 (m, 1H), 7.30 (dd, J = 8.4, 5.9 Hz, 1H), 7.33 (dd, J = 10.2, 2.7 Hz, 1H) ; 13C NMR δ 
112.1 (d, J = 21.8 Hz), 114.9 (d, J = 21.8 Hz), 116.2, 116.3, 117.4, 118.4, 128.4, 128.4, 128.7, 
129.8, 130.2, 131.1 (d, J = 8.3 Hz), 132.9 (d, J = 3.0 Hz), 134.5 (d, J = 2.4 Hz), 137.8 (d, J = 7.8 
Hz), 149.9, 151.1, 151.2, 151.3, 162.6 (d, J = 246.5 Hz); HRMS (DART, positive): m/z calcd. for 
C20H14F+ [M+H]+ 273.1074, found 273.1067. 
 
1-(4-Chloro-2-vinylphenyl)biphenylene (1f) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.70). The title compound was obtained as a yellow 
solid (241.7 mg, 84%); mp 81-83 °C; 1H NMR δ 5.29 (d, J = 11.0 Hz, 1H), 5.78 (d, J = 17.5 Hz, 
1H), 6.36 (d, J = 6.8 Hz, 1H), 6.62-6.82 (m, 7H), 7.27-7.29 (m, 2H), 7.62 (d, J = 1.6 Hz, 1H); 13C 
NMR δ 116.3, 116.4, 117.3, 118.4, 125.7, 127.8, 128.3, 128.4, 128.7, 129.5, 130.0, 130.7, 133.8, 
134.2, 135.2, 137.3, 149.8, 151.0, 151.1, 151.2; HRMS (DART, positive): m/z calcd. for 
C20H1335Cl+ [M]+ 288.0700, found 288.0690. 
 
1-(5-Methoxy-2-vinylphenyl)biphenylene (1g) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.55). The title compound was obtained as a yellow 
oil (160.5 mg, 57%); 1H NMR δ 3.83 (s, 3H), 5.12 (dd, J = 11.0, 1.3 Hz, 1H), 5.65 (dd, J = 17.4, 
1.3 Hz, 1H), 6.40-6.42 (m, 1H), 6.63 (d, J = 6.6 Hz, 1H), 6.66-6.69 (m, 2H), 6.72-6.77 (m, 2H), 
6.79-6.83 (m, 2H), 6.86 (d, J = 2.7 Hz, 1H), 6.90 (dd, J = 8.6, 2.7 Hz, 1H), 7.60 (d, J = 8.6 Hz, 
1H); 13C NMR δ 55.4, 113.0, 113.6, 114.4, 116.1, 117.2, 118.5, 127.0, 128.3, 128.3, 128.5, 128.5, 
130.2, 130.7, 134.6, 137.9, 149.7, 151.0, 151.2, 159.1 (a pair of peaks at the aromatic region was 





Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.45). The title compound was obtained as a yellow 
solid (538.2 mg, 98%); mp 75-77 °C; 1H NMR δ 5.21 (d, J = 11.0 Hz, 1H), 5.70 (dd, J = 17.4, 0.9 
Hz, 1H), 6.39-6.41 (m, 1H), 6.63-6.83 (m, 7H), 7.02-7.06 (m, 2H), 7.60-7.63 (m, 1H); 13C NMR δ 
114.9 (d, J = 1.8 Hz), 115.1 (d, J = 21.2 Hz), 115.7 (d, J = 21.8 Hz), 116.4, 117.4, 118.6, 127.7 (d, J 
= 8.3 Hz), 128.4, 128.5, 128.8, 129.6 (d, J = 1.8 Hz), 129.9, 132.0 (d, J = 3.3 Hz), 134.3, 138.6 (d, 
J = 7.8 Hz), 149.9, 151.0, 151.2, 151.2, 162.3 (d, J = 247.4 Hz); HRMS (DART, positive): m/z 
calcd. for C20H13F+ [M]+ 272.0996, found 272.0985. 
 
1-(5-Chloro-2-vinylphenyl)biphenylene (1i) 
Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.90). The title compound was obtained as a yellow 
solid (161.2 mg, 70%); mp 70-72 °C; 1H NMR δ 5.25 (d, J = 11.0 Hz, 1H), 5.75 (d, J = 17.5 Hz, 
1H), 6.39 (dd, J = 6.8, 0.9 Hz, 1H), 6.63-6.83 (m, 7H), 7.29-7.34 (m, 2H), 7.58 (d, J = 8.5 Hz, 1H); 
13C NMR δ 115.6, 116.4, 117.3, 118.6, 127.1, 128.0, 128.4, 128.5, 128.7, 129.1, 129.3, 129.8, 
133.4, 134.2, 138.2, 149.9, 150.9, 151.1, 151.2 (a pair of peaks at the aromatic region was over-
lapped); HRMS (DART, positive): m/z calcd. for C20H1435Cl+ [M+H]+289.0779, found 289.0771. 
 
1-(6-Fluoro-2-vinylphenyl)biphenylene (1j) 
Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.85). The title compound was obtained as a yellow 
solid (166.9 mg, 70%); mp 104-106 °C; 1H NMR δ 5.26 (d, J = 11.4 Hz, 1H), 5.76 (dd, J = 17.4, 
1.1 Hz, 1H), 6.32 (d, J = 6.6 Hz, 1H), 6.64-6.82 (m, 7H), 7.04-7.07 (m, 1H), 7.28-7.32 (m, 1H), 
7.44 (d, J = 7.8 Hz, 1H); 13C NMR δ 114.7 (d, J = 23.0 Hz), 116.4, 116.6, 117.3, 118.4, 121.2 (d, J 
= 3.3 Hz), 123.3, 124.3 (d, J = 15.5 Hz), 128.1, 128.4, 128.4, 128.9 (d, J = 9.2 Hz), 130.9 (d, J = 
1.8 Hz), 134.3 (d, J = 3.6 Hz), 138.5 (d, J = 3.0 Hz), 151.1, 151.2, 151.2, 151.3, 160.1 (d, J = 246.8 
Hz); HRMS (DART, positive): m/z calcd. for C20H14F+ [M+H]+ 273.1074, found 273.1064. 
 
1-(1-Vinylnaphthalen-2-yl)biphenylene (1l) 
Isolated by PTLC (hexane/DCM = 1/9, Rf = 0.35). The title compound was obtained as yellow oil 
(64.7 mg, 71%) ; 1H NMR δ 5.48 (dd, J = 17.9, 1.6 Hz, 1H), 5.64 (dd, J = 11.5, 1.6 Hz, 1H), 6.36 
(d, J = 7.1 Hz, 1H), 6.61-6.85 (m, 6H), 7.04-7.10 (m, 1H), 7.47-7.53 (m, 3H), 7.80 (d, J = 8.4 Hz, 
1H), 7.86-7.87 (m, 1H), 8.32 (d, J = 8.2 Hz, 1H); 13C NMR δ 115.9, 117.2, 117.9, 122.3, 125.9, 
125.9, 126.3, 127.1, 127.5, 128.2, 128.3, 128.2, 130.7, 131.7, 132.1, 133.2, 133.4, 133.8, 134.2, 
149.8, 151.0, 151.3, 151.6 (a pair of peaks at the aromatic region was overlapped); HRMS (DART, 
positive): m/z calcd. for C24H17+ [M+H]+ 305.1325, found 305.1317. 
 





Isolated by PTLC (hexane/DCM = 4/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (146.0 mg, quant); mp 62-65 °C; 1H NMR δ 2.01 (s, 3H), 2.08 (s, 3H), 5.22 (d, J = 10.8 Hz, 
1H), 5.76 (d, J = 17.5 Hz, 1H), 6.21 (s, 1H), 6.49 (s, 1H), 6.54 (d, J = 6.8 Hz, 1H), 6.69 (d J = 8.4 
Hz, 1H), 6.75 (dd, J = 8.4, 6.8 Hz, 1H), 6.87 (dd, 17.5, 11.0 Hz, 1H), 7.32-7.33 (m, 3H), 7.65 (d, J 
= 7.5 Hz, 1H); 13C NMR δ 20.2, 20.3, 115.0, 115.4, 119.7, 120.8, 125.8, 127.8, 127.8, 128.0, 129.4, 
129.9, 130.0, 135.4, 135.6, 135.7,135.7, 137.0, 148.7, 148.8, 150.0, 151.2; HRMS (DART, posi-
tive): m/z calcd. for C22H19+ [M+H]+ 283.1481, found 283.1476. 
 
1-(2-(Prop-1-en-2-yl)phenyl)biphenylene (1n) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.85). The title compound was obtained as yellow oil 
(286.9 mg, 82%); 1H NMR δ 1.90 (s, 3H), 5.04-5.05 (m, 1H), 5.10-5.11 (m, 1H), 6.48 (d, J = 6.7 
Hz, 1H), 6.59 (d, J = 6.7 Hz, 1H), 6.64-6.69 (m, 2H), 6.73 (dd, J = 8.3, 6.7 Hz, 2H), 6.83 (dd, J = 
8.4, 0.5 Hz, 1H), 7.29-7.36 (m, 4H); 13C NMR δ 23.5, 116.0, 116.4, 117.2, 117.8, 127.2, 127.7, 
128.1, 128.2, 129.2, 129.3, 129.6, 132.2, 135.4, 142.6, 146.0, 148.7, 151.1, 151.3, 151.5; HRMS 
(DART, positive): m/z calcd. for C21H17+ [M+H]+ 269.1325, found 269.1318. 
 
1-(2-(1-Phenylvinyl)phenyl)biphenylene (1o) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.70). The title compound was obtained as yellow oil 
(161.4 mg, 75%); 1H NMR δ 5.33 (s, 1H), 5.61 (s, 1H), 6.36 (d, J = 6.7 Hz, 1H), 6.44-6.48 (m, 2H), 
6.54 (d, J = 8.4 Hz, 1H), 6.57 (dd, J = 6.6, 1.0 Hz, 1H), 6.65-6.72 (m, 2H), 7.12-7.14 (m, 5H), 
7.37-7.40 (m, 4H); 13C NMR δ 115.6, 116.7, 117.0, 117.6, 126.9, 127.3, 127.6, 127.7, 127.8, 127.9, 
127.9, 128.0, 129.3, 129.7, 131.0, 131.8, 137.2, 140.7, 141.2, 149.1, 149.2, 150.6, 151.2, 151.6 
(two pairs of peaks at the aromatic region were overlapped); HRMS (DART, positive): m/z calcd. 
for C26H19+ [M+H]+ 331.1481, found 331.1472. 
 
7b,8-Dihydrobenzo[b]fluoranthene (2a) 
Isolated by PTLC (hexane/toluene = 40/1, Rf = 0.30). The title compound was obtained as a white 
solid (23.5 mg, 92%); mp 123-125 °C; 1H NMR δ 2.64 (dd, J = 14.8, 14.8 Hz, 1H), 3.44 (dd, J = 
14.5, 6.2 Hz, 1H), 4.02 (dd, J = 14.5, 6.2 Hz, 1H), 7.27-7.30 (m, 1H), 7.32-7.39 (m, 3H), 7.41 (dd, 
J = 7.4, 7.4 Hz, 1H), 7.44-7.47 (m, 1H), 7.59 (d, J =7.5 Hz, 1H), 7.63 (dd, J = 7.4, 0.9 Hz, 1H), 
7.66 (d, J = 7.5 Hz, 1H), 7.82 (d, J = 7.5 Hz, 1H), 7.86 (d, J = 7.5 Hz, 1H); 13C NMR δ 32.7, 43.1, 
119.0, 120.8, 120.8, 123.7, 124.6, 126.8, 127.3, 127.5, 128.0, 128.4, 129.4, 132.4, 134.6, 137.3, 
139.2, 142.4, 144.8, 147.0; HRMS (ESI, positive): m/z calcd. for C20H15+ [M+H]+ 255.1168, found 
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255.1161; ee was determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 
4.6×250 nm, 254 nm UV detector, rt, eluent: 0.5% 2-propanol in hexane, flow rate: 1.0 mL/min, 
retention time: 7.3 min for major isomer and 7.8 min for minor isomer). 
 
7b,8-Dihydro-7-methoxybenzo[b]fluoranthene (2b) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as a white 
solid (27.5 mg, 97%); mp 124-127 °C; 1H NMR δ 2.56 (dd, J = 15.0, 14.5 Hz, 1H), 3.70 (dd, J = 
14.5, 6.1 Hz, 1H), 3.94 (s, 3H), 4.05 (dd, J = 15.0, 6.1 Hz, 1H), 6.85 (d, J = 7.9 Hz, 1H), 7.27 (dd, J 
= 7.4, 7.4 Hz, 1H), 7.33-7.39 (m, 3H), 7.42-7.45 (m, 2H), 7.58 (d, J = 7.6 Hz, 1H), 7.63 (d, J = 7.4 
Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H); 13C NMR δ 32.4, 42.3, 55.5, 109.1, 113.6, 119.2, 120.9, 123.7, 
127.4, 128.0, 128.4, 129.1, 129.6, 132.6, 133.9, 134.6, 138.1, 139.3, 144.2, 145.1, 157.7; HRMS 
(ESI, positive): m/z calcd. for C21H17O+ [M+H]+ 285.1274, found 285.1274. 
 
7-Fluoro-7b,8-dihydrobenzo[b]fluoranthene (2c) 
Isolated by PTLC (hexane/DCM = 1/9, Rf = 0.40). The title compound was obtained as a white 
solid (18.0 mg, 66%); mp 109-111 °C; 1H NMR δ 2.68 (dd, J = 15.1, 14.7 Hz, 1H), 3.63 (dd, J = 
14.7, 6.1 Hz, 1H), 4.16 (dd, J = 15.1, 6.1 Hz, 1H), 7.02 (m, 1H), 7.29-7.32 (m, 1H), 7.36-7.41 (m, 
3H), 7.46-7.49 (m, 1H), 7.59-7.66 (m, 3H), 7.86 (dd, J = 7.6, 1.1 Hz, 1H); 13C NMR δ 32.2, 41.7, 
113.8 (d, J = 20.6 Hz), 116.8 (d, J = 3.0 Hz), 119.4, 121.5, 123.7, 127.6, 128.3, 128.7, 129.6 (d, J 
=7.2 Hz), 129.6, 132.0 (d, J = 18.2 Hz), 132.7, 134.2, 137.3, 138.6 (d, J = 2.4 Hz), 144.5, 145.7 (d, 
J = 7.2 Hz), 160.8 (d, J = 247.1 Hz); HRMS (DART, positive): m/z calcd. for C20H13F+ [M]+ 
272.0996, found 272.0988. 
 
7b,8-Dihydro-6-methoxybenzo[b]fluoranthene (2d) 
Isolated by PTLC (hexane/toluene = 1/1, Rf = 0.65). The title compound was obtained as a yellow 
solid (24.6 mg, 87%); mp 76-78 °C; 1H NMR δ 2.65 (dd, J = 15.2, 14.4 Hz, 1H), 3.41 (dd, J = 14.4, 
6.2 Hz, 1H), 3.89 (s, 3H), 3.98 (dd, J = 15.2, 6.2 Hz, 1H), 6.96 (dd, J = 8.4, 2.4 Hz, 1H), 7.19 (d, J 
= 1.6 Hz, 1H), 7.26-7.29 (m, 1H), 7.34-7.38 (m, 2H), 7.40-7.44 (m, 1H), 7.53 (d, J = 7.3 Hz, 1H), 
7.56 (d, J = 7.5 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 7.7 Hz, 1H); 13C NMR δ 32.8, 43.2, 
55.7, 110.6, 113.1, 118.3, 119.8, 121.5, 123.8, 127.5, 128.0, 128.5, 129.4, 132.3, 134.8, 135.4, 
137.3, 139.2, 144.4, 149.0, 159.4; HRMS (DART, positive): m/z calcd. for C21H17O+ [M+H]+ 
285.1274, found 285.1264. 
 
6-Fluoro-7b,8-dihydrobenzo[b]fluoranthene (2e) 
Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.50). The title compound was obtained as a white 




solid (23.5 mg, 86%); mp 111-114 °C; 1H NMR δ 2.65 (dd, J = 14.7, 14.9 Hz, 1H), 3.40 (dd, J = 
14.7, 6.2 Hz, 1H), 4.00 (dd, J = 14.9, 6.2 Hz, 1H), 7.09-7.13 (m, 1H), 7.28-7.38 (m, 4H), 7.43-7.46 
(m, 1H), 7.58 (d, J = 14.6 Hz, 1H), 7.60 (d, J = 14.6 Hz, 1H), 7.73 (dd, J = 8.4, 5.0 Hz, 1H), 7.85 
(m, 1H); 13C NMR δ 32.6, 43.3 (d, J = 2.4 Hz), 112.2 (d, J = 3.0 Hz), 114.5 (d, J = 22.7 Hz), 118.7, 
120.6, 121.7 (d, J = 9.0 Hz), 123.8, 127.6, 128.2, 128.7, 129.5, 132.5, 134.5, 137.0, 138.5, 138.5 (d, 
J = 2.4 Hz), 144.7 (d, J = 2.1 Hz), 149.2(d, J = 8.3 Hz), 162.5 (d, J = 245.9 Hz); HRMS (DART, 
positive): m/z calcd. for C20H13F+ [M]+ 272.0996, found 272.0988. 
 
6-Chloro-7b,8-dihydrobenzo[b]fluoranthene (2f) 
Isolated by PTLC (hexane/DCM = 9/1, Rf = 0.40). The title compound was obtained as a white 
solid (24.4 mg, 84%); mp 105-107 °C; 1H NMR δ 2.63 (dd, J = 14.8, 14.7 Hz, 1H), 3.40 (dd, J = 
14.7, 6.3 Hz, 1H), 3.99 (dd, J = 14.8, 6.3 Hz, 1H), 7.27-7.30 (m, 1H), 7.35-7.39 (m, 3H), 7.43-7.46 
(m, 1H), 7.59-7.62 (m, 3H), 7.70 (d, J = 8.1 Hz, 1H), 7.84 (m, 1H); 13C NMR δ 32.5, 43.2, 119.1, 
121.1, 121.7, 123.8, 125.2, 127.7, 127.7, 128.2, 128.7, 129.5, 132.6, 132.7, 134.4, 137.0, 138.3, 




Isolated by PTLC (hexane/DCM = 1/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (8.8 mg, 31%); mp 125-127 °C; 1H NMR δ 2.60 (dd, J = 15.0, 14.7 Hz, 1H), 3.42 (dd, J = 
14.7, 6.2 Hz, 1H), 3.91 (s, 3H), 3.96 (dd, J = 15.0, 6.2 Hz, 1H), 6.91 (dd, J = 8.2, 2.4 Hz, 1H), 
7.27-7.31 (m, 1H), 7.35-7.39 (m, 3H), 7.44-7.47 (m, 1H), 7.52 (d, J = 8.2 Hz, 1H), 7.60 (d, J = 7.4 
Hz, 1H), 7.64 (d, J = 7.4 Hz, 1H), 7.86 (d, J = 7.7 Hz, 1H); 13C NMR δ 33.1, 42.5, 55.7, 106.2, 
113.0, 119.0, 120.9, 123.7, 125.1, 127.5, 128.1, 128.4, 129.4, 132.5, 134.6, 137.5, 139.1, 139.3, 




Isolated by PTLC (hexane/DCM = 1/9, Rf = 0.40). The title compound was obtained as a white 
solid (23.9 mg, 88%); mp 102-105 °C; 1H NMR δ 2.59 (dd, J = 15.2, 14.5 Hz, 1H), 3.40 (dd, J = 
14.5, 6.2 Hz, 1H), 3.95 (dd, J = 15.2, 6.2 Hz, 1H), 7.00-7.04 (m, 1H), 7.27-7.30 (m, 1H), 7.35-7.37 
(m, 2H), 7.44-7.47 (m, 2H), 7.53 (dd, J = 8.2, 5.1 Hz, 1H), 7.60 (dd, J = 7.6, 1.8 Hz, 2H), 7.85-7.86 
(m, 1H); 13C NMR δ 32.8, 42.6, 108.0 (d, J =23.3 Hz), 113.6 (d, J = 23.0 Hz), 119.3, 121.4, 123.8, 
125.5 (d, J = 8.9 Hz), 127.6, 128.2, 128.6, 129.5, 132.6, 134.4, 137.2, 138.5 (d, J = 3.0 Hz), 142.4 
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(d, J = 2.1 Hz), 144.5 (d, J = 8.9 Hz), 145.8, 163.0 (d, J = 244.1 Hz); HRMS (DART, positive): m/z 
calcd. for C20H14F+ [M+H]+ 273.1074, found 273.1060. 
 
5-Chloro-7b,8-dihydrobenzo[b]fluoranthene (2i) 
Isolated by PTLC (hexane/ether = 1/9, Rf = 0.45). The title compound was obtained as a yellow 
solid (25.9 mg, 90%); mp 149-153 °C; 1H NMR δ 2.62 (dd, J = 15.1, 14.5 Hz, 1H), 3.42 (dd, J = 
14.5, 6.2 Hz, 1H), 3.98 (dd, J = 15.1, 6.2 Hz, 1H), 7.29-7.32 (m, 2H), 7.36-7.39 (m, 2H), 7.47 (dd, 
J = 7.6, 7.6 Hz, 1H), 7.54 (d, J = 7.9 Hz, 1H), 7.63 (dd, J = 7.6, 3.6 Hz, 2H), 7.78 (d, J = 1.9 Hz, 
1H), 7.85-7.86 (m, 1H); 13C NMR δ 32.6, 42.9, 119.3, 121.2, 121.5, 123.8, 125.6, 126.8, 127.6, 
128.2, 128.7, 129.5, 132.6, 133.5, 134.4, 137.1, 138.1, 144.3, 145.2, 145.3; HRMS (DART, nega-
tive): m/z calcd. for C20H1235Cl- [M-H]- 287.0633, found 287.0631. 
 
4-Fluoro-7b,8-dihydrobenzo[b]fluoranthene (2j) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.55). The title compound was obtained as a white 
solid (25.2 mg, 93%); mp 133-136 °C; 1H NMR δ 2.67 (dd, J = 15.2, 14.5 Hz, 1H), 3.43 (dd, J = 
14.5, 6.3 Hz, 1H), 4.07 (dd, J = 15.2, 6.3 Hz, 1H), 7.10 (dd, J = 9.3, 8.7 Hz, 1H), 7.28-7.32 (m, 2H), 
7.36-7.41 (m 3H), 7.48 (dd, J = 7.6, 7.6 Hz, 1H), 7.62 (d, J = 7.6 Hz, 1H), 7.82-7.87 (m, 2H); 13C 
NMR δ 32.7, 43.8 (d, J = 1.5 Hz), 114.5 (d, J =20.0 Hz), 120.3 (d, J = 3.3 Hz), 121.1, 122.2 (d, J = 
4.8 Hz), 123.8, 127.6, 128.2, 128.2 (d, J = 7.2 Hz), 128.8, 129.4, 129.6 (d, J = 15.2 Hz), 132.3, 
134.5, 136.3 (d, J =2.4 Hz), 137.0, 144.2, 149.8 (d, J = 5.7 Hz), 158.8 (d, J = 250.0 Hz); HRMS 
(DART, positive): m/z calcd. for C20H14F+ [M+H]+ 273.1074, found 273.1064. 
 
9c,10-Dihydrodibenzo[b,l]fluoranthene (2k)  
Isolated by PTLC (hexane/DCM = 1/4, Rf = 0.35). The title compound was obtained as a yellow 
solid (19.3 mg, 63%) ; mp 177-183 °C; 1H NMR δ 2.77 (dd, J = 15.1, 14.5 Hz, 1H), 3.85 (dd, J = 
14.5, 6.0 Hz, 1H), 4.39 (dd, J = 15.1, 6.0 Hz, 1H), 7.33 (dd, J = 7.4, 7.4 Hz, 1H), 7.40 (dd, J = 7.4, 
7.4 Hz, 1H), 7.46-7.52 (m, 3H), 7.58-7.63 (m, 2H), 7.73 (d, J = 7.4 Hz, 1H), 7.89-7.97 (m, 4H), 
8.24 (d, J = 8.3 Hz, 1H); 13C NMR δ 34.3, 43.5, 118.7, 119.5, 120.7, 123.7, 124.3, 125.4, 126.7, 
127.7, 128.1, 128.6, 129.3, 129.4, 131.5, 132.5, 133.2, 133.2, 134.8, 137.6, 139.9, 140.1, 142.9, 
145.1; HRMS (DART, positive): m/z calcd. for C24H17+ [M+H]+ 305.1325, found 305.1314. 
 
7b,8-Dihydro-10,11-dimethylbenzo[b]fluoranthene (2l) 
Isolated by PTLC (hexane/DCM = 6/1, Rf = 0.25). The title compound was obtained as a white 
solid (23.7 mg, 84%); mp 112-120 °C; 1H NMR δ 2.31 (s, 3H), 2.35 (s, 3H), 2.57 (dd, J = 15.1, 
14.4 Hz, 1H), 3.37 (dd, J = 14.4, 6.3 Hz, 1H), 3.98 (dd, J = 15.1, 6.3 Hz, 1H), 7.15 (s, 1H) 




7.32-7.35 (m, 1H), 7.38-7.45 (m, 2H), 7.56 (d, J = 7.5 Hz, 1H), 7.61-7.63 (m, 3H), 7.80 (d, J = 7.5 
Hz, 1H); 13C NMR δ 19.8, 32.2, 43.5, 118.6, 120.5, 120.8, 124.6, 125.0, 126.8, 127.3, 128.4, 130.7, 
132.2, 132.6, 134.8, 135.5, 136.5, 139.1, 142.6, 144.7, 147.1 (a pair of peaks at the aliphatic region 




Isolated by PTLC (hexane/toluene = 40/1, Rf = 0.35). The title compound was obtained as a white 
solid (17.0 mg, 63%); mp 89-92 °C; 1H NMR δ 1.25 (s, 3H), 2.87 (d, J = 14.7 Hz, 1H), 3.21 (d, J = 
14.7Hz, 1H), 7.26-7.31 (m, 1H), 7.32-7.39 (m, 4H), 7.41 (dd, J = 7.5, 7.5 Hz, 1H), 7.52 (d, J = 7.4 
Hz, 1H), 7.55 (d, J = 7.4 Hz, 1H), 7.61 (d, J = 7.4 Hz, 1H), 7.77 (d, J = 7.4 Hz, 1H), 7.85 (d, J = 
7.4 Hz, 1H); 13C NMR δ 23.9, 38.7, 45.6, 119.2, 121.0, 121.2, 123.1, 123.5, 127.1, 127.3, 128.1, 
128.4, 130.1, 131.7, 133.9, 136.9, 138.3, 140.6, 149.5, 153.4 (a pair of peaks at the aromatic region 




Isolated by PTLC (hexane/toluene = 4/1, Rf = 0.30). The title compound was obtained as a white 
solid (10.9 mg, 33%); mp 70-74 °C; 1H NMR δ 3.07 (d, J = 15.0 Hz, 1H), 3.97 (d, J = 15.0 Hz, 1H), 
6.93-6.97 (m, 1H), 6.99-7.02 (m, 2H), 7.11-7.13 (m, 2H), 7.15-7.18 (m, 1H), 7.19-7.23 (m, 2H), 
7.29-7.32 (m, 2H), 7.49 (d, J = 7.4 Hz, 1H), 7.51 (dd, J = 7.5, 7.5 Hz, 1H), 7.59 (dd, J = 7.7, 0.6 Hz, 
1H), 7.69 (dd, J = 7.4, 0.7 Hz, 1H), 7.71 (dd, J = 7.5, 1.2 Hz, 1H), 7.74 (d, J = 7.6 Hz, 1H); 13C 
NMR δ 37.8, 53.0, 118.9, 120.9, 121.8, 123.4, 124.4, 126.0, 126.2, 127.2, 127.4, 127.4, 128.1, 
128.2, 129.0, 129.6, 132.7, 134.3, 136.6, 139.9, 140.7, 142.5, 148.1, 152.7; HRMS (ESI, positive): 
m/z calcd. for C26H18Na+ [M+Na]+ 353.1301, found 353.1301. 
 
Dibenzo[b,l]fluoranthene (3k) 
Isolated by recrystallization. The title compound was obtained as a yellow solid ; mp 179-180 °C ; 
1H NMR δ 7.50 (dd, J = 7.8, 7.2 Hz, 1H), 7.66 (dd, J = 14.0, 6.8 Hz, 2H), 7.69-7.76 (m, 2H), 7.89 
(d, J = 8.3 Hz, 1H), 7.93 (d, J = 8.3 Hz, 1H), 8.00 (d, J = 7.2 Hz, 1H), 8.04 (dd, J = 8.3, 1.1 Hz 1H), 
8.11 (d, J = 7.8 Hz, 1H), 8.44 (d, J = 8.2 Hz, 1H), 8.65 (d, J = 8.0 Hz, 1H), 8.70 (s, 1H), 8.80 (d, J 
= 8.3 Hz, 1H); 13C NMR δ 119.8, 119.8, 122.0, 123.0, 124.2, 125.3, 126.1, 126.9, 127.2, 127.2, 
127.4, 128.1, 129.1, 129.5, 130.6, 130.8, 131.9, 133.1, 133.9, 134.3, 135.9, 137.2, 139.4; HRMS 
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PAHs have highly conjugated aromatic systems and have recently attracted much attention be-
cause they have outstanding photophysical and electrochemical properties.1 For example, their abil-
ity as electron carriers can be applied for organic electronic devices such as organic solar batteries 
and organic transistors.1d,e Moreover, PAHs can be used as starting materials for the bottom-up 
synthesis of nanocarbons, which are important components to configure next-generation functional 
materials.2 In particular, chirotopic properties of chiral PAHs have been recognized in the creation 
of new varieties of characteristic organic electronic devices.3 For example, their CPL property can 
be applied for the organic electroluminescent 3D display.3,4 Therefore, asymmetric synthesis of 
chiral PAHs is a hot topic in both organic and physical chemistry. Against this background, in 2016, 
Nozaki and co-workers synthesized carbohelicenes possessing a fluorene skeleton from 
2,2’,6,6’-tetrabromobiphenyl in 4 or 5 steps (Scheme 1).5 The optically active helicenes, which 
were prepared by optical resolution of racemic helicenes, have relatively high quantum yield (Φ = 
up to 0.40) and large dissymmetry factors (up to |glum| = 3.0×10-3) for CPL. 
 
Scheme 1. Synthesis of fluorene-based helicenes 
 
 
In the same year, Hirose, Matsubara and co-workers reported the synthesis of axially chiral 
bibenzoperylenyl in 8 steps from 4-tert-butyltoluene (Scheme 2).6 The enantiomerically enriched 
compound is also prepared through optical resolution and shows relatively high g value (|glum|=5×













R1, R2 = H, Ph
Φ = up to 0.40
|glum| = up to 3.0×10-3
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Scheme 2. Synthesis of bibenzoperylenyl 
 
 
In addition to the above two examples, there are many examples of the synthesis of chiral PAHs.7 
However, HPLC resolutions using chiral columns were usually required to separate their enantio-
mers from racemic mixture. To overcome this problem, the catalytic and enantioselective synthesis 
of chiral PAHs is a fascinating approach.8 Regarding carbohelicenes, in 2013, Stará, Starý and 
co-workers reported an enantioselective intramolecular [2+2+2] cycloaddition of a triyne to give 
dibenzo[6]helicene in an excellent yield and a high ee in the presence of nickel complex and 
(R)-QUINAP as a chiral ligand (Scheme 3).8a 
 
Scheme 3. Ni-catalyzed enantioselective [2+2+2] cycloaddition 
 
 
In 2017, Alcarazo and co-workers originally developed cationic chiral phosphonite ligands and 
used them for the enantioselective synthesis of carbo[6]helicenes (Scheme 4).8e Cycloisomerization 

















THF, -20 °C, 16 h
>90% yield, 80% ee
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Scheme 4. Au-catalyzed enantioselective cycloisomerization 
 
 
On the other hand, there was no report of catalytic and enantioselective synthesis of axially chi-
ral PAHs as far as the author knows. Concerning the examples of the conventional synthesis of axi-
ally chiral compounds,9 in 1998, Hayashi, Ito and co-workers pioneeringly reported nick-
el-catalyzed enantioselective Kumada-Tamao-Corriu cross-coupling of 1-bromonaphthalenes and 
naphthyl Grignard reagents (Scheme 5).9a Ferrocenyl phosphine ligand (S,R)-PPFOMe realized 
high enantioselectivity. However, substrate scope was narrow and large excess amounts of Gri-
gnard reagents were required. Other cross-couplings such as Negishi and Suzuki-Miyaura 
cross-couplings have also been used for the enantioselective synthesis of axially chiral binaphthyl 
compounds.9f 
 
Scheme 5. Ni-catalyzed enantioselective synthesis of binaphthyl 
 
 
In 2004, Shibata and co-workers achieved asymmetric synthesis of teraryl compounds by chiral 
iridium-catalyzed [2+2+2] cycloaddition (Scheme 6).9b (S,S)-Me-DUPHOS controls both enantio- 
and diastereoselectivity almost perfectly to afford p-teraryls possessing two axial chiralities. Vari-


























up to 98% yield
up to 99% ee
(L)AuCl (10 mol%)
AgSbF6 (10 mol%)
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Scheme 6. Ir-catalyzed diastereo- and enantioselective [2+2+2] cycloaddition 
  
 
Sasai and co-workers developed a vanadium-catalyzed enantioselective oxidative coupling of 
2-naphthol derivatives to synthesize axially chiral BINOL derivatives. In 2014, they reported oxi-
dative coupling of 5-chrysenol by a chiral vanadium catalyst under O2 atmosphere (Scheme 7).9c 
 
Scheme 7. V-catalyzed oxidative coupling of phenol derivatives 
 
 
Enantioselective synthesis of heteroaromatic-containing axially chiral biaryl compounds have 
also been investigated. As a recent example, in 2018, Shibata and co-workers reported consecutive 
reactions for the synthesis of thiophene-containing biaryls by intramolecular dehydro-Diels-Alder 
reaction (Scheme 8).9i The dehydro-Diels-Alder reaction proceeds under thermal condition in the 
first step, and subsequent dehydro-Diels-Alder reaction catalyzed by a chiral rhodium catalyst gives 












up to >99% yield
up to >99% ee
dl/meso = >95/5
















Scheme 8. Rh-catalyzed construction of axially chiral thiophene-containing biaryls 
 
In addition to transition-metal catalysts, organocatalysts can be used for the asymmetric con-
struction of axial chirality. In 2015, Liu, Tan and co-workers reported a chiral phosphoric ac-
id-catalyzed enantioselective synthesis of biphenol derivatives (Scheme 9).9e Both 2-naphthols and 
quinones are activated by the hydrogen bonding interaction with a chiral phosphonic acid 
(R)-TRIP. 
 
Scheme 9. Organocatalyzed direct arylation of 2-naphthols 
 
 
In conclusion, heteroatoms were required in most cases for the synthesis of axially chiral com-
pounds because they interacted with the chiral catalysts to form a rigid chiral environment.9  
Against this background, the author endeavored to synthesize axially chiral PAHs from bi-
phenylenes, which can be used as a four-carbon synthon possessing aromatic motif.10 The author 
already achieved regioselective C-C bond activation of biphenylene to give dihydrobenzofluoran-
thenes by an ortho-phenylene-tethered alkene moiety as a directing group (Chapter 3). The author 
assumed that ortho-phenylene-tethered arylalkynes possessing ortho-substituents would also act as 
both a directing group and a reaction site and that a benzofluoranthene skeleton would be con-
structed (Scheme 10). Coordination of the alkyne moiety to a chiral metal catalyst would promote 
regioselective cleavage of sterically more hindered C-C bond of biphenylene to give intermediate A. 
Subsequent alkyne insertion would give seven-membered ring intermediate B. Finally, reductive 
elimination would afford PAHs as formal [4+2] cycloadducts. In addition, the steric repulsion be-









dioxane, 50 °C, 4 h THF, 70 °C, 3 h
[Rh(cod)2]OTf (20 mol%)
(S,S)-Me-DUPHOS (20 mol%)
up to >99% yield























Enantioselective Synthesis of Axially Chiral PAHs via Regioselective C-C Bond Cleavage 
 115 
PAHs would be obtained.11 In this chapter, atom-economical and highly enantioselective construc-
tion of axially chiral PAHs by the combination of a rhodium catalyst and a chiral diene ligand is 
described. 
 
Scheme 10. Concept of this chapter 
 
 
Results and Discussion 
The author chose 1aa as a model substrate, which has a methyl group at the ortho-position of the 
arylalkyne, for the screening of the reaction conditions (Table 1). The author chose (S)-BINAP as a 
chiral diphosphine ligand for the initial screening of catalyst. When a cationic rhodium catalyst was 
used, the desired product 2aa was obtained in a high yield, albeit in low ee (entry 1). Neutral rho-
dium, neutral iridium and cationic iridium catalysts were ineffective for this reaction (entries 2-4). 
Even though the yield was improved in the case of [Rh(cod)2]BF4, enantioselectivity was quite low, 
and BARF gave a better result than BF4 or OTf as a counter anion (entries 5 and 6). As a result, the 
author determined that [Rh(cod)2]BARF was the best catalyst. Next, various chiral diphosphine 
ligands were screened. While high yields were achieved, the enantiomeric excesses were not im-
proved by the diphosphine ligands (entries 7-10). Chiral NHC L1 also gave the desired product in a 
high yield, but with poor enantioselectivity (entry 11). When (R,R)-Ph-bod as a chiral diene ligand 














Table 1. Screening of catalysts and ligands[a] 
 
entry catalyst ligand yield / % ee /% 
1 [Rh(cod)2]BARF (S)-BINAP 87 -18 
2 [RhCl(cod)]2 (S)-BINAP NR - 
3 [Ir(cod)2]BARF (S)-BINAP trace - 
4 [IrCl(cod)]2 (S)-BINAP NR - 
5 [Rh(cod)2]BF4 (S)-BINAP >99 -3 
6 [Rh(cod)2]OTf (S)-BINAP 47 -3 
7 [Rh(cod)2]BARF (S)-xyl-BINAP 67 -1 
8[b] [Rh(cod)2]BARF (S)-SEGPHOS 73[c] -14 
9[b] [Rh(cod)2]BARF (S,S)-Me-DUPHOS >99 -2 
10[b] [Rh(cod)2]BARF (S,S)-CHIRAPHOS 86 0 
11 [RhCl(cod)(L1)]+NaBARF - 85 11 
12[b] [RhCl(coe)2]2+NaBARF (S,S)-Ph-bod 61 68 
[a] 1aa (0.05 mmol), catalyst (0.005 mmol of metal), additive (0.005 mmol), solvent (0.5 mL) [b] 1aa (0.1 mmol), cata-
lyst (0.01 mmol of metal), additive (0.01 mmol), solvent (0.5 mL) [c] Yield was determined by 1H NMR. 
 
 
To improve both a yield and an ee, further screening of chiral diene ligands and solvents was 
conducted (Table 2). When the reaction scale was decreased from 0.1 mmol to 0.05 mmol and the 
amount of catalyst was increased from 10 mol% to 20 mol%, higher yield and ee were achieved 
(entry 1). Chiral dienes L2 to L5, which were easily prepared from (-)-α-phellandrene, were inef-
fective for both yields and ees (entries 2-5). When 2-naphthyl substituted chiral diene L6 was used, 
both yield and ee slightly increased although other analogs did not give better results (entries 6-9). 
Me
Me
catalyst (10 mol% of metal)
ligand (10 mol%)
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From the perspective of commercial availability, the author chose (R,R)-Ph-bod as the optimum 
ligand. While the ee was decreased in dioxane or dibutyl ether, CPME significantly improved both 
yield and enantioselectivity (entries 10-12). When PhCl was used, the product was obtained quan-
titatively, but the ee was lower than that in CPME (entry 13).  
 
Table 2. Screening of chiral dienes and solvents[a] 
  
entry chiral diene solvent yield / % ee /% 
1 (R,R)-Ph-bod xylene 77 78 
2 L2 xylene 60 33 
3 L3 xylene 58 4 
4 L4 xylene 35 48 
5 L5 xylene 23 13 
6 L6 xylene 80 80 
7 L7 xylene 76 68 
8 L8 xylene 42 68 
9 L9 xylene 61 4 
10 (R,R)-Ph-bod dioxane 68 76 
11 (R,R)-Ph-bod dibutyl ether 96 60 
12 (R,R)-Ph-bod CPME >99 88 
13 (R,R)-Ph-bod PhCl >99 80 
[a] 1aa (0.05 mmol), catalyst (0.005 mmol), chiral diene (0.01 mmol), solvent (0.5 mL) 
 
 
Finally, the author screened the reaction temperature (Table 3). In the presence of the prepared 
[RhCl{(R,R)-Ph-bod}]2, the product 2aa was also obtained in a high yield with high ee (entry 1). 




chiral diene (20 mol%)
NaBARF (20 mol%)












R2 =        2-naphthyl (L6)





However, when the reaction was conducted at 60 °C, the starting material 1aa remained and the 
yield was moderate (entry 4). The amount of catalyst loading could be reduced to 2.5 mol% as a 
lower limit with slight decreases of both yield and ee (entry 5). As a result of screening, the author 
decided that the condition of entry 3 in Table 3 was optimal. 
 
Table 3. Screening of conditions[a] 
 
entry temp. / ℃  X yield / % ee /% 
1 135 10 >99 88 
2 100 10 99 96 
3 80 10 99 97 
4 60 10 57[b] Not determined[c] 
5[d] 80 2.5 94 96 
[a] 1aa (0.05 mmol), catalyst (0.0005X mmol), NaBARF (0.00X mmol), solvent (0.5 mL) [b] Yield was determined by 
1H NMR. [c] 2aa could not be separated from 1aa, and the peaks of 1aa and 2aa in chiral HPLC analysis were over-
lapped. [d] The reaction time was 48 h. 
 
With the optimum conditions in hand, the author examined the aryl group on the alkyne termi-
nus (Table 4). The reaction of 1ba with a longer alkyl chain proceeded to give 2ba in a high yield 
and excellent ee. Alkoxy-substituted compound 2ca was obtained in an excellent yield, albeit with 
lower enantioselectivity. This was probably because the oxygen atom of the alkoxy group was co-
ordinated to the metal center, and partial dissociation of the chiral diene occurred. Elec-
tron-withdrawing groups such as trifluoromethyl, chloro and bromo groups were tolerated to afford 
the target products 2da-2fa in high yields and ees. As a result of single-crystal X-ray diffraction, 
the absolute configuration of 2fa was determined to be R-isomer (Figure 1). When other aryl 
groups were used, the reaction proceeded smoothly. In particular, pyrene groups gave the best re-







CPME, temp., 24 h
1aa 2aa
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Table 4. Substrate scope (aryl group) 
 
[a] The reaction temperature was 100 °C. 
 
 
Figure 1. ORTEP diagrams of 2fa 







































Next, functional group tolerance of arylene-tethers was examined (Table 5) Both elec-
tron-donating and -withdrawing substituents at the C3-position were acceptable for this reaction 
(2ab-2ac). Whereas the reactions of 1ad and 1ae possessing a methoxy or a fluoro group proceed-
ed in a high or excellent ee, 2af possessing chlorine atom at the C4-position was obtained in a 
moderate ee. The substrates 1ag-1ah with a methoxy group or fluoro group at the C5-position 
could be used for this reaction. The reaction of fluorine-substituted substrate 1ai proceeded but the 
yield and ee of 2ai were moderate. When a 2,1-naphthylene tether was used, the reaction proceeded 
with high enantioselectivity, but product 2aj was inseparable from the remaining starting material 
1aj. To consume the starting material completely, the author conducted the reaction at 100 °C. The 
yield of 2aj increased, but the ee was significantly decreased. On the other hand, the reaction of 
2,3-naphthylene tether substrate 1ak smoothly proceeded to afford the product 2ak in an excellent 
yield and high ee. The reaction of 1,2-naphthylene-tethered substrate 1al did not proceed at all 
probably due to steric repulsion between the tether and biphenylene moieties. Axially chiral thio-
phenylene-tethered product 2am was obtained in an excellent yield and ee. In summary, this reac-
tion has broad functional group tolerance to give axially chiral aryl-substituted ben-
zo[b]fluoranthene derivatives in sufficiently high yields with high to excellent enantioselectivities. 
 
Table 5. Substrate scope (arylene-tethers) 
 
[a] The reaction temperature was 100 °C. 
 
2ab (R = OMe); 82%, 93% ee
2ac[a] (R = F); >99%, 94% ee
2ad (R = OMe); 61%, 97% ee
2ae (R = F); 86%, 88% ee
2af (R = Cl); 80%, 54% ee
2ag (R = OMe); 88%, 97% ee










2ai; 45%, 63% ee
2aj; 53%, 84% ee (1aj; 30%)
         84%, 33% ee[a]
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The double formal [4+2] cycloaddition has great potential to synthesize highly conjugated chiral 
PAHs which have multiple chiral axes. Therefore, the author synthesized 3a-3c to construct new 
types of chiral PAHs (Scheme 11). When substrate 3a with two reaction sites linked by a pa-
ra-phenylene moiety was used, the reaction proceeded to give 4a as a single diastereomer and the 
meso product could not be detected. The reactions of bis(arylalkynyl)dibiphenylenylbenzenes were 
also examined. The reaction of para-substituted variant 3b gave a highly conjugated PAH 4b as a 
sole product in an excellent yield with almost perfect enantioselectivity, along with a small amount 
of meso product. In the case of meta-substituted variant 3c, product 4c was obtained in a moderate 
yield and almost perfect ee along with the formation of meso product. 
 




























Finally, the author measured photophysical properties of selected products as well as 
2-tert-butylpyrene and 2,7-di-tert-butylpyrene as references (Figures 2-5).12 The products 2ba, 2ia 
and 2ja had relativity large ε values, which means that benzo[b]fluoranthene skeleton had the po-
tential to absorb UV and visible light. Interestingly, the peaks of visible light region of 2ia and 2ja 
were slightly red-shifted compared to the spectra of 2ba and pyrene derivatives (Figure 2). This 
may suggest the existence of intramolecular interaction between benzo[b]fluoranthene and pyrene 
skeleton. Concerning the products of double cyclization, the spectrum of 4a had almost the same 
shape as that of 2ba, but the ε value of 4a was almost twice as much as that of 2ba because 4a has 
two benzo[b]fluoranthene units (Figure 3). The highly conjugated PAHs 4b and 4c had absorption 
bands at longer wavelengths, and the ε value of 4b was much higher than that of 4c. The fluores-
cence spectra of 2ja, 2ia, 2ja and 4 were also measured (Figure 4). The emission maxima of 2ia 
and 2ja were red-shifted compared with the spectra of both 2ba and pyrene derivatives. These re-
sults also suggest that there are intramolecular interactions between benzo[b]fluoranthene and py-
rene skeletons and the fluorescence is mainly emitted from benzo[b]fluoranthene moiety. The fluo-
rescence spectrum of 4a was almost the same as that of 2ba. The spectra of 4b and 4c were not 




Figure 2. UV-Vis spectra of 2ba, 2ia, 2ja and pyrene derivatives in DCM 
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Figure 3. UV-Vis spectra of 2ba and 4a-4c in DCM 
(Concentration; 1.0×10-5 M) 
 
 
Figure 4. Fluorescence spectra of UV-Vis spectra of 2 and pyrene derivatives in DCM 
(Concentration; 1.0×10-5 M, excitation wavelength: 2ba; 353 nm, 2ia; 344.5 nm, 2ja; 345.0 nm, 2-tert-butylpyrene; 

































































Figure 5. Fluorescence spectra of 2ba and 4a-4c in DCM 
(Concentration; 1.0×10-5 M; excitation wavelength: 2ba; 353.0 nm, 4a; 353.0 nm, 4b; 340.5 nm, 4c; 338.5 nm) 
 
Next, the author measured quantum yields of selected compounds (Table 6). Compounds 2ba, 
2ia and 4a showed almost the same quantum yields, which was probably derived from ben-
zo[b]fluoranthene unit. Although the quantum yields of pyrene derivatives were relatively low, 2ja 
showed the highest quantum yield. Highly conjugated PAHs 4b and 4c have comparably high 
quantum yields. Regarding chiroptical properties, CD and CPL spectra of 2ja were measured (Fig-
ure 6). As a result, mirror images of CD spectra were confirmed, and g value of CPL was observed 
(|glum| = 3.5×10-3), which is relatively high for a small organic compound.4 
 
Table 6 Quantum yields of selected products and pyrene derivatives in DCM 
Compound Φ Compound Φ 
2ba 0.27 4a 0.28 
2ia 0.29 4b 0.43 
2ja 0.67 4c 0.53 
2-tert-butylpyrene 0.082   
2,7-di-tert-butylpyrene 0.12   
Concentration (Excitation wavelength) 2ba; 3.4×10-5 M (353.0 nm), 2ia; 2.2×10-5 M (344.5 nm), 2ja; 8.2×10-6 M 
(345.0 nm), 2-tert-butylpyrene; 2.8×10-5 M (322.5 nm), 2,7-di-tert-butylpyrene; 1.3×10-5 M (339.5 nm), 4a; 1.9×10-5 M 
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Figure 6. CPL spectrum of 2ja in DCM 
(For CD spectra: (R)-isomer: 3.0×10-3 M, (S)-isomer: 3.0×10-3 M. For CPL spectra: (R)-isomer: 1.0×10-5 M, 
(S)-isomer: 1.0×10-5 M, excitation wavelength; 345 nm, λCPL = 446 nm, |glum| = 3.5×10-3) 
 
Conclusion  
The author achieved highly enantioselective synthesis of axially chiral PAHs in the presence of a 
cationic rhodium catalyst with (R,R)-Ph-bod as a chiral diene ligand. The reaction of ar-
ylene-tethered alkynylbiphenylenes with various functional groups proceeded in up to quantitative 
yield with up to almost perfect enantioselectivity. This reaction could be used for consecutive cy-
clizations to synthesize highly complex and conjugated PAHs with two axial chiralities. Moreover, 
the obtained chiral benzo[b]fluoranthene had unique photophysical properties such as relatively 

































































Experimental Section  
A) General information 
1H NMR spectra were recorded with JEOL ECX-500 (500 MHz) spectrometer. Chemical shift 
values for protons were reported in parts per million (δ) relative to internal standard trimethylsilane 
(0.00 ppm). 13C NMR spectra were obtained by JEOL ECX-500 (125 MHz) spectrometers and ref-
erenced to the internal solvent signals (central peak is 77.16 ppm in CDCl3). 19F NMR spectra were 
obtained by JEOL ECX-500 (470.5 MHz) spectrometers and referenced to the external standard 
trifluoroacetic acid (76.55 ppm). Data are presented as follows: chemical shift, multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets), coupling con-
stant in Hz, and area integration. HRMS were measured with a DART-orbitrap mass spectrometer13 
or a BRUKER ultrafleXtreme (MALDI-TOF MS) using BRUKER Peptide Calibration Standard II 
as internal standards and CHCA as matrix. Optical rotations were measured with a JASCO 
DIP-1000 polarimeter. Ultraviolet spectra were measured on a Shimazu UV-2400 spectrometer. 
Fluorescence spectra were measured on a JASCO FP-8300 instrument. CD spectra were measured 
on a JASCO J-820 (420 W Xe) spectropolarimeter. CPL spectra were measured on a JASCO 
CPL-300 spectrometer. Absolute PL quantum yield was measured by Hamamatsu Photonics 
C9920-02 spectrometer, and quantum yields were determined with an integrating sphere (diameter 
10 cm). X-ray structures were obtained by a Rigaku R-AXIS RAPID diffractometer. PTLC was 
performed with silica gel-precoated glass plates (Merck 60 GF254) prepared in author’s laboratory. 
All reagents were weighed and handled in air and backfilled under argon at room temperature. All 
reactions were performed under an argon atmosphere. Unless otherwise noted, organic compounds 
and solvents were purchased from Tokyo Kasei Co., Aldrich Inc., and other commercial suppliers 
and were used without further purification. Compounds 5,14 7,15 10,16 1117 were synthesized by re-
ported procedures.  
 
B) Experimental procedures 
General procedure for Rh-catalyzed enantioselective reaction  
[RhCl{(R,R)-Ph-bod}]2 (0.005 mmol, 10 mol%), NaBARF (0.01 mmol, 20 mol%) and substrates 1 
(0.05 mmol, 1.0 equiv) were placed in a Schlenk tube, which was then evacuated and backfilled 
with argon (×3). To the reaction vessel was added dehydrated CPME (0.5 mL, prepared by argon 
bubbling for 30 sec). The solution was then stirred at 80 °C (bath temperature) for 24-48 h. The re-
action mixture was cooled to room temperature and the solvent was evaporated to dryness. The ob-
tained residues were purified by PTLC to give products 2. 
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Synthesis of [RhCl{(R,R)-Ph-bod}]218 
To a round-bottom flask, [RhCl(C2H4)2]2 (1.0 equiv) and (R,R)-Ph-bod (2.1 equiv) were added. 
Dehydrated DCM (0.1 M) was added to the reaction vessel, then the reaction mixture was stirred at 
room temperature for 2 h. The solution of reaction mixture was evaporated to dryness. The ob-
tained residues were purified by flash chromatography (silica gel) to give [RhCl{(R,R)-Ph-bod}]2 
as a red solid. Mp 190-192 °C (decomp.); 1H NMR (CDCl3) δ 7.56 (dd, J = 6.7, 2.9 Hz, 8H), 
7.32-7.30 (m, 12H), 4.74 (d, J = 6.3 Hz, 4H), 3.51 (d, J = 6.3 Hz, 4H), 1.12 (s, 8H); 13C NMR 
(CDCl3) δ 139.0, 128.3, 127.4, 127.2, 65.1 (d, J = 10.7 Hz), 44.5 (d, J = 11.0 Hz), 43.2 (d, J = 3.3 
Hz), 25.6; HRMS (DART, positive): m/z calcd. for C40H37Cl2Rh2+ [M+H]+ 793.0377, found 
793.0368; [α]25D = -1315 (c 0.40, CHCl3, >99% ee). 
 
Scheme 12. General procedure A 
 
 
General procedure A 
Procedure A-119 
To a round-bottom flask, 2-(biphenylen-1-yl)benzaldehyde 5 (1.0 equiv), K2CO3 (2.1 equiv) and 
dimethyl (1-diazo-2-oxopropyl)phosphonate (1.3 equiv) were added. Dehydrated methanol (0.1 M) 
was added to the reaction vessel, then the mixture was stirred at room temperature for 24 h. The 
reaction mixture was then quenched with 5% aq. NaHCO3 and extracted with hexane. The organic 
layer was dried with Na2SO4, filtered, and concentrated under reduced pressure. The product was 
purified by flash column chromatography (silica gel) to give the products 6. 
 
Procedure A-220 
To a round-bottom flask, iodoarene derivatives (1.1 equiv), Pd(PPh3)4 (6.0 mol%) and CuI (6.0 
mol%) were added. TEA (0.2 M) were added to the reaction vessel, then the mixture was stirred at 
room temperature for 30 min. To the reaction mixture was added dropwise 

























mixture was stirred at 80 °C for 24 h. Then the mixture was filtered through a pad of Celite and the 
solution was washed with aq. NH4Cl, water and brine. The organic layer was dried with Na2SO4, 
filtered, and concentrated under reduced pressure. The product was purified by flash column chro-
matography (silica gel) to give products 1. 
 
Scheme 13. General procedure B 
 
 
General procedure B21 
To a round-bottom flask, 2-(biphenylen-1-yl)-benzaldehyde derivatives 5 (1.0 equiv), 
1-methyl-2-(phenylsulfonylmethyl)benzene (1.2 equiv) and DECP (1.2 equiv) were added. Dehy-
drated THF (0.033 M) was added to the reaction vessel, then the mixture was cooled to 0 °C . To 
the reaction mixture was slowly added LiHMDS (ca. 1.3 M solution in THF, 5.0 equiv). The reac-
tion mixture was stirred at room temperature for 20 h. Then the mixture was quenched with aq. 
NH4Cl and extracted with CHCl3. The organic layer was dried with Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was purified by flash column chromatography (silica 
gel) to give products 1. 
 
Scheme 14. General procedure C 
 
 
General procedure C 
Procedure C-122 
To a round-bottom flask, 1-bromo-2-iodobenzene (1.0 equiv), PdCl2(PPh3)2 (2 mol%), CuI (3 
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wise to the reaction vessel. The reaction mixture was stirred overnight at room temperature. Then 
the mixture was filtered through a pad of Celite and the solution was washed with aq. NH4Cl and 
water. The organic layer was dried with Na2SO4, filtered, and concentrated under reduced pressure. 
The residue was purified by flash column chromatography (silica gel) to give products 8. 
 
Procedure C-222 
To a round-bottom flask, 1-bromo-2-(phenylethynyl)benzene derivatives 8 (1.0 equiv) and diethyl 
ether (0.13 M) were added. Then, the reaction mixture was cooled to -78 °C, and n-BuLi (1.55 M 
solution in hexane, 1.5 equiv) was added to the reaction vessel dropwise. The reaction mixture was 
stirred at -78 °C for 1 h, and -40 °C for 1 h. The reaction mixture was cooled to -78 °C, and 
B(Oi-Pr)3 (1.5 equiv) was added dropwise to the reaction vessels. Then, the reaction mixture was 
warmed to room temperature and stirred overnight. To the reaction mixture 1N HCl was added and 
stirred for 30 min. The reaction mixture was extracted with EtOAc and the organic layer was dried 
with Na2SO4, filtered, and concentrated under reduced pressure. The residues was purified by flash 
column chromatography (silica gel) to give the products 9. 
 
Procedure C-314 
To a round-bottom flask, 1-bromobiphenylene (1.0 equiv), boronic acid derivatives 9 (1.1 equiv), 
Pd(PPh3)4 (6 mol%) and Na2CO3 (4.0 equiv) were added. DME (0.11 M), EtOH (0.36 M), and wa-
ter (0.5 M) were added to the reaction vessel, then the mixture was refluxed for 24 h. The reaction 
mixture was then extracted with water and diethyl ether. The organic layer was dried with Na2SO4, 
filtered, and concentrated under reduced pressure. The product was purified by flash column chro-
matography (silica gel) to give the products 1. 
 
Scheme 15. General procedure D 
 
 
General procedure D 
Procedure D-121 
To a round-bottom flask, 10 (1.0 equiv), 1-bromo-2-(phenylsulfonylmethyl)benzene (1.2 equiv) 




























then the mixture was cooled to 0 °C. To the reaction mixture was then added LiHMDS (ca. 1.3 M 
solution in THF, 5.0 equiv) slowly. The reaction mixture was stirred at room temperature for 20 h. 
Then the mixture was quenched with aq. NH4Cl and extracted with CHCl3. The organic layer was 
dried with Na2SO4, filtered, and concentrated under reduced pressure. The residue was purified by 
flash column chromatography (silica gel) to give products 8. 
 
Procedure D-214 
To a round-bottom flask, 8 (1.0 equiv), (BPin)2 (1.1 equiv), PdCl2(dppf) (3 mol%) and KOAc (3.0 
equiv) were added. Dehydrated toluene (0.21 M) was added to the reaction vessel, then the mixture 
was refluxed overnight. The mixture was then filtered through a pad of Celite and concentrated 
under reduced pressure. These products were used in the next reaction without the purification.  
 
Procedure D-314 
To a round-bottom flask, 1-bromobiphenylene (1.0 equiv), Pd(PPh3)4 (5.0 mol%), CsF (2.5 equiv) 
and 4,4,5,5-tetramethyl-2-(2-(pyrenylethynyl)phenyl)-1,3,2-dioxaborolane derivatives (1.0 equiv) 
were added. Dehydrated DME (0.1 M) was added to the reaction vessel, then the mixture was re-
fluxed overnight. The reaction mixture was then diluted with H2O and extracted with DCM. The 
organic layers were dried with Na2SO4, filtered, and concentrated under reduced pressure. The res-
idue was purified by flash column chromatography (silica gel) to give the products 1. 
 




To a round-bottom flask, 1,4-diiodo-2,5-dioctylbenzene 11 (1.0 equiv), PdCl2(PPh3)2 (5.0 mol%) 
and CuI (10.0 mol%) were added. TEA (0.45 M) was added to the reaction vessel, then the mixture 
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1-(2-ethynylphenyl)biphenylene 6a (2.3 equiv) in TEA (0.075 M). The reaction mixture was stirred 
at 60 °C for 24 h. The solution was then filtered through a pad of Celite and concentrated under re-
duced pressure. The residue was purified by flash column chromatography (silica gel) to give 
products 3a. 
 




1,4-Dibromo-2,5-diiodobenzene 12 (1.0 equiv), 2-octyl-1-ethynylbenzene (2.1 equiv), 
PdCl2(PPh3)2 (4 mol%) and CuI (3 mol%) were added to a round-bottom flask. TEA (0.048 M) and 
piperidine (0.25 M) were added to the reaction vessel and the reaction mixture was stirred over-
night at room temperature. The mixture was filtered through Celite and concentrated under reduced 
pressure. DCM and aq. NH4Cl were added, then the mixture was extracted with DCM three times. 
The organic layer was dried with Na2SO4, filtered, and concentrated under reduced pressure. The 
residue was purified by flash column chromatography (silica gel) to give a product 13. 
 
Procedure F-224,25 
Compound 13 (1.0 mmol) and dehydrated THF (20 mL) were added to a round-bottom flask. 
t-BuLi (1.6 M in pentane, 4.0 mmol) was added dropwise at -78 °C. After the mixture was stirred 
at-78 °C for 1 h, i-PrOBpin (3 mmol) was added. The mixture was further stirred at -78 °C for 1 h. 
After warming up to room temperature, the mixture was extracted with Et2O, dried with Na2SO4, 
and concentrated under reduced pressure. The residue was passed though column chromatography 
to afford a boronic acid (ca 0.65 mmol) with impurities, which was used for next reaction without 
further purification. Pd2(dba)3 (0.065 mmol), DPEPhos (0.066 mmol), boronic acid with impurities 
(ca 0.65 mmol), 1-bromobiphenylene (1.3 mmol), K2CO3 (5 mmol) were dissolved in tolu-
ene/ethanol/H2O (25.2 mL/5 mL/2.5 mL). The mixture was refluxed for 48 h. The mixture was 























duced pressure. The residue was purified by column chromatography (silica gel) to give compound 
3b. 
 




1,5-Dibromo-2,4-diiodobenzene 14 (1.0 equiv), 2-octyl-1-ethynylbenzene (2.1 equiv), 
PdCl2(PPh3)2 (4 mol%) and CuI (3 mol%) were added to a round-bottom flask. TEA (0.048 M) and 
piperidine (0.25 M) were added to the reaction vessel and the reaction mixture was stirred over-
night at room temperature. The mixture was filtered through Celite and concentrated under reduced 
pressure. DCM and aq. NH4Cl were added and the mixture was extracted with DCM three times. 
The organic layer was dried with Na2SO4, filtered, and concentrated under reduced pressure. The 
residue was purified by flash column chromatography (silica gel) to give the product 15. 
 
Procedure G-27e,25 
To a round-bottom flask, dialkynyldibromobenzene 15 (0.5 mmol), (BPin)2 (1.14 mmol), 
PdCl2(dppf) (4 mol%) and KOAc (2.1 mmol) were added. Dehydrated dioxane (4.6 mL) was added 
to the reaction vessel, then the mixture was stirred at 80 ℃ for 20 h. The reaction mixture was di-
luted with EtOAc, washed with water, dried with Na2SO4, filtered and concentrated under reduced 
pressure. The residue was used for next reaction without further purification. Pd2(dba)3 (0.05 
mmol), DPEPhos (0.1 mmol), crude Bpin product (ca. 0.5 mmol), 1-bromobiphenylene (1.0 mmol), 
K2CO3 (3.85 mmol) were dissolved in toluene/ethanol/H2O (20 mL/4 mL/2 mL). The mixture was 
refluxed for 48 h. The mixture was washed with brine. The organic layer was dried with Na2SO4, 
filtered and concentrated under reduced pressure. The residue was purified by column chromatog-
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C) Characterization data for new compounds 
2-(Biphenylen-1-yl)benzaldehyde (5a) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (ca. 98%, with a slight amount of impurity); mp 68-69 °C; 1H NMR δ 10.19 (s, 1H), 8.04 (dd, 
J = 8.4, 1.4 Hz, 1H), 7.67-7.63 (m, 1H), 7.51-7.48 (m, 2H), 6.87 (dd, J = 8.4, 7.0 Hz, 1H), 
6.79-6.73 (m, 2H), 6.69-6.66 (m, 3H), 6.35 (dd, J = 7.0, 1.4 Hz, 1H); 13C NMR δ 192.2, 151.3, 
151.2, 150.9, 150.3, 141.9, 134.1, 133.6, 129.9, 129.9, 129.3, 129.0, 128.7, 128.3, 128.0, 127.7, 




Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (76%); mp 144-145 °C; 1H NMR δ 10.32 (s, 1H), 8.59 (s, 1H), 8.03 (d, J = 8.1 Hz, 1H), 7.92 
(s, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.66-7.62 (m, 1H), 7.59-7.56 (m, 1H), 6.92-6.86 (m, 2H), 
6.77-6.74 (m, 1H), 6.71-6.65 (m, 3H), 6.34 (d, J = 6.8 Hz, 1H); 13C NMR δ 192.4, 151.3, 151.3, 
150.8, 150.5, 136.7, 136.0, 132.2, 131.5, 130.3, 130.1, 130.0, 129.3, 129.3, 129.2, 128.9, 128.7, 
128.0, 127.3, 118.0, 117.9, 116.9 (a pair of peaks at the aromatic region was overlapped); HRMS 
(DART, positive): m/z calcd. for C23H18NO+ [M+NH4]+ 324.1383, found 324.1380. 
 
1-(Biphenylen-1-yl)-2-naphthaldehyde (5l) 
Isolated by PTLC (hexane/toluene/DCM = 1/2/1, Rf = 0.75) The title compound was obtained as 
yellow oil (ca. 37%, with a slight amount of impurity); 1H NMR δ 10.25 (s, 1H), 8.08-8.06 (m, 1H), 
8.04 (d, J = 8.5 Hz, 1H), 7.94-7.93 (m, 2H), 7.66-7.63 (m, 1H), 7.55-7.52 (m, 1H), 6.93-6.90 (m, 
1H), 6.79-6.71 (m, 4H), 6.59-6.56 (m, 1H), 5.95-5.93 (m, 1H); 13C NMR δ 192.7, 152.1, 151.3, 
151.2, 150.4, 142.4, 136.4, 131.6, 131.4, 131.1, 129.1, 128.9, 128.8, 128.8, 128.6, 127.4, 127.3, 
124.7, 122.6, 118.2, 118.0, 117.3 (a pair of peaks at the aromatic region was overlapped); HRMS 
(DART, positive): m/z calcd. for C23H15O+ [M+H]+ 307.1117, found 307.1115. 
 
2-(Biphenylen-1-yl)thiophene-3-carbaldehyde (5m) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.25). The title compound was obtained as a yellow 
solid (79%); mp 68-70 °C; 1H NMR δ 9.97 (s, 1H), 7.56 (d, J = 5.3 Hz, 1H), 7.29 (dd, J = 5.4, 0.8 
Hz, 1H), 6.87-6.78 (m, 3H), 6.76-6.72 (m, 1H), 6.71-6.67 (m, 2H), 6.60-6.58 (m, 1H); 13C NMR δ 
185.5, 151.0, 151.9, 150.8, 150.7, 149.9, 137.6, 129.6, 129.5, 129.4, 129.0, 126.9, 125.5, 121.8, 





Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.70). The title compound was obtained as a yellow 
solid (88%, General procedure A); mp 91-94 °C; 1H NMR δ 7.62-7.60 (m, 1H), 7.45-7.38 (m, 2H), 
7.32-7.28 (m, 1H), 7.04 (dd, J = 8.4, 0.6 Hz, 1H), 6.83-6.81 (m, 1H), 6.80-6.68 (m, 2H), 6.67-6.63 
(m, 2H), 6.53-6.51 (m, 1H), 3.11 (s, 1H); 13C NMR δ 151.9, 151.3, 151.2, 149.8, 140.6, 134.1, 
130.5, 129.6, 129.1, 128.9, 128.4, 128.3, 128.2, 127.6, 120.4, 118.7, 117.2, 116.5, 82.8, 81.1; 
HRMS (DART, positive): m/z calcd. for C20H13+ [M+H]+ 253.1012, found 253.1009. 
 
1-(2-Ethynyl-4-methoxyphenyl)biphenylene (6d) 
Isolated by PTLC (hexane/DCM = 4/1, Rf = 0.35). The title compound was obtained as a yellow 
solid (86%, General procedure A); mp 118-120 °C; 1H NMR δ 7.33 (d, J = 8.6 Hz, 1H), 7.11 (d, J 
= 2.7 Hz, 1H), 7.02-7.00 (m, 1H), 6.95 (dd, J = 8.6, 2.7 Hz, 1H), 6.79 (dd, J = 8.4, 6.8 Hz, 1H), 
6.74-6.67 (m, 2H), 6.65-6.63 (m, 1H), 6.61-6.59 (m, 1H), 6.52-6.51 (m, 1H), 3.82 (s, 3H), 3.10 (s, 
1H); 13C NMR δ 158.8, 152.0, 151.3, 151.2, 149.5, 133.3, 130.2, 130.1, 129.7, 128.3, 128.3, 128.2, 
121.2, 118.6, 118.3, 117.2, 116.2, 116.0, 82.9, 80.9, 55.6; HRMS (DART, positive): m/z calcd. for 
C21H18NO+ [M+NH4]+ 300.1383, found 300.1381. 
 
1-(4-Chloro-2-ethynylphenyl)biphenylene (6f) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.70). The title compound was obtained as a yellow 
solid (77%, General procedure A); mp 91-93 °C; 1H NMR δ 7.59 (d, J = 1.9 Hz, 1H), 7.38-7.34 (m, 
2H), 6.99 (d, J = 8.4 Hz, 1H), 6.81 (dd, J = 8.4, 6.8 Hz, 1H), 6.77-6.70 (m, 2H), 6.66 (d, J = 6.7 Hz, 
1H), 6.64 (d, J = 6.8 Hz, 1H), 6.51 (d, J = 6.5 Hz, 1H), 3.15 (s, 1H); 13C NMR δ 151.6, 151.3, 
151.2, 149.8, 139.1, 133.6, 133.3, 130.2, 129.4, 129.3, 129.3, 128.6, 128.5, 128.4, 122.0, 118.7, 




Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.60). The title compound was obtained as a yellow 
solid (66%, General procedure A); mp 91-92 °C; 1H NMR δ 7.59 (dd, J = 8.6, 5.8 Hz, 1H), 7.14 
(dd, J = 9.5, 2.7 Hz, 1H), 7.03-7.00 (m, 2H), 6.82 (dd, J = 8.5, 6.8 Hz, 1H), 6.78-6.71 (m, 2H), 
6.68-6.64 (m, 2H), 6.56-6.54 (m, 1H), 3.08 (s, 1H); 13C NMR δ 162.8 (d, J = 250.6 Hz), 151.5, 
151.3, 151.2, 149.9, 143.0 (d, J = 8.3 Hz), 136.0 (d, J = 8.6 Hz), 129.3 (d, J = 1.8 Hz), 129.2, 128.7, 
128.5, 128.4, 118.8, 117.4, 116.9, 116.5 (d, J = 3.3 Hz), 115.8 (d, J = 22.4 Hz), 114.9 (d, J = 22.1 
Hz), 81.9, 80.8 (d, J = 1.8 Hz); 19F NMR δ -110.13; HRMS (DART, positive): m/z calcd. for 
C20H12F+ [M+H]+ 271.0918, found 271.0915. 
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4-(2-Bromophenylethynyl)-2,7-di-tert-butylpyrene (8i) 
Isolated by PTLC (hexane/DCM = 4/1, Rf = 0.55). The title compound was obtained as a yellow 
solid (67%, General procedure D); mp 165-166 °C; 1H NMR δ 8.97-8.94 (m, 1H), 8.44 (s, 1H), 
8.23 (d, J = 1.7 Hz, 1H), 8.21-8.18 (m, 2H), 8.05 (d, J = 8.9 Hz, 1H), 8.01 (d, J = 8.9 Hz, 1H), 7.75 
(dd, J = 7.8, 1.7 Hz, 1H), 7.70 (d, J = 8.9 Hz, 1H), 7.38 (dd, J = 7.8, 7.8 Hz, 1H), 7.24 (d, J = 1.6 
Hz, 1H), 1.62 (s, 9H), 1.58 (s, 9H); 13C NMR δ 149.3, 149.1, 133.7, 133.2, 132.7, 131.0, 130.9, 
130.1, 130.0, 129.6, 127.9, 127.4, 127.3, 126.0, 125.6, 123.4, 122.9, 122.8, 122.8, 122.5, 121.6, 
120.1, 93.2, 92.4, 35.7, 35.4, 32.3, 32.1; HRMS (DART, positive): m/z calcd. for C32H3079Br+ 
[M+H]+ 493.1525, found 493.1523. 
 
1-(2-Bromophenylethynyl)-7-tert-butylpyrene (8j) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (85%, General procedure D); mp 157-158 °C; 1H NMR δ 8.78 (d, J = 9.1 Hz, 1H), 8.26 (d, J 
= 1.8 Hz, 1H), 8.24 (d, J = 1.8 Hz, 1H), 8.21-8.17 (m, 2H), 8.10-8.07 (m, 2H), 8.02 (d, J = 8.9 Hz, 
1H), 7.74 (dd, J = 7.7, 1.5 Hz, 1H), 7.69 (dd, J = 8.1, 0.9 Hz, 1H), 7.38-7.34 (m, 1H), 7.24-7.20 (m, 
1H), 1.59 (s, 9H); 13C NMR δ 149.6, 133.6, 132.7, 132.2, 131.5, 131.2, 131.1, 129.6, 129.5, 128.9, 
128.7, 127.3, 127.2, 126.0, 125.8, 125.7, 124.5, 124.5, 123.2, 123.1, 122.7, 117.3, 93.6, 93.6, 35.4, 
32.1; HRMS (DART, positive): m/z calcd. for C28H2279Br+ [M+H]+ 437.0899, found 437.0898. 
 
1-(2-(2-Methylphenylethynyl)phenyl)biphenylene (1aa) 
Isolated by PTLC (hexane/DCM = 9/1, Rf = 0.30). The title compound was obtained as a yellow 
solid (88%, General procedure C); mp 51-53 °C; 1H NMR δ 7.67-7.65 (m, 1H), 7.47-7.45 (m, 1H), 
7.40-7.37 (m, 1H), 7.35-7.32 (m, 1H), 7.27 (dd, J = 7.4, 1.0 Hz, 1H), 7.18-7.14 (m, 2H), 7.10 (dd, J 
= 8.4, 0.7 Hz, 1H), 7.08-7.05 (m, 1H), 6.82 (dd, J = 8.4, 6.8 Hz, 1H), 6.73-6.70 (m, 1H), 6.67-6.63 
(m, 3H), 6.56-6.54 (m, 1H), 2.38 (s, 3H); 13C NMR δ 151.8, 151.4, 151.2, 149.8, 140.3, 139.8, 
133.4, 132.1, 130.9, 129.8, 129.5, 128.8, 128.5, 128.3, 128.3, 127.6, 125.6, 123.3, 121.9, 118.7, 
117.2, 116.5, 92.8, 92.0, 20.7 (two pairs of peaks at the aromatic region were overlapped); HRMS 
(DART, positive): m/z calcd. for C27H22N+ [M+NH4]+ 360.1747, found 360.1740. 
 
1-(2-(2-Octylphenylethynyl)phenyl)biphenylene (1ba) 
Isolated by PTLC (hexane, Rf = 0.40). The title compound was obtained as yellow oil (89%, Gen-
eral procedure C); 1H NMR δ 7.64 (dd, J = 7.6, 1.4 Hz, 1H), 7.46 (dd, J = 7.6, 1.4 Hz, 1H), 
7.40-7.36 (m, 1H), 7.35-7.32 (m, 1H), 7.27 (dd, J = 7.3, 0.8 Hz, 1H), 7.20-7.17 (m, 1H), 7.15-7.11 
(m, 2H), 7.08-7.05 (m, 1H), 6.82 (dd, J = 8.4, 6.8 Hz, 1H), 6.72-6.69 (m, 1H), 6.66-6.63 (m, 3H), 
6.56-6.55 (m, 1H), 2.74 (t, J = 7.8 Hz, 2H), 1.62-1.56 (m, 2H), 1.27-1.22 (m, 10H), 0.85 (t, J = 7.0 
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Hz, 3H); 13C NMR δ 151.8, 151.4, 151.2, 149.8, 145.1, 139.7, 133.4, 132.4, 130.9, 129.8, 128.8, 
128.7, 128.4, 128.3, 128.3, 127.6, 125.6, 122.8, 122.0, 118,7, 117.2, 116.4, 92.3, 92.1, 34.7, 32.1, 
30.9, 29.7, 29.7, 29.5, 22.8, 14.3 (two pairs of peaks at the aromatic region were overlapped); 
HRMS (DART, positive): m/z calcd. for C34H36N+ [M+NH4]+ 458.2842, found 458.2838. 
 
1-(2-(2-Octyloxyphenylethynyl)phenyl)biphenylene (1ca) 
Isolated by PTLC (hexane, Rf = 0.20). The title compound was obtained as yellow oil (92%, Gen-
eral procedure A); 1H NMR δ 7.66-7.64 (m, 1H), 7.47-7.45 (m, 1H), 7.38-7.35 (m, 1H), 7.33-7.30 
(m, 1H), 7.22-7.16 (m, 3H), 6.84-6.78 (m, 3H), 6.73-6.70 (m, 1H), 6.66-6.62 (m, 3H), 6.59-6.57 (m, 
1H), 4.00 (t, J = 6.5 Hz, 2H), 1.84-1.78 (m, 2H), 1.53-1.47 (m, 2H), 1.38-1.26 (m, 8H), 0.86 (t, J = 
6.9 Hz, 3H); 13C NMR δ 159.8, 152.0, 151.4, 151.2, 149.8, 139.6, 133.4, 133.4, 131.0, 129.9, 129.6, 
128.7, 128.3, 128.3, 128.3, 128.2, 127.5, 122.1, 120.4, 118.8, 117.1, 116.4, 113.3, 112.1, 93.0, 89.8, 
68.9, 32.0, 29.6, 29.5, 29.4, 26.2, 22.8, 14.3; HRMS (DART, positive): m/z calcd. for C34H36NO+ 
[M+NH4]+ 474.2791, found 474.2787. 
 
1-(2-(2-Trifluoromethylphenyl)ethynyl)phenylbiphenylene (1da) 
Isolated by PTLC (hexane/DCM = 4/1, Rf = 0.60). The title compound was obtained as a yellow 
solid (92%, General procedure A); mp 67-69 °C; 1H NMR δ 7.68 (dd, J = 7.7, 1.3 Hz, 1H), 7.61 (d, 
J = 7.5 Hz, 1H), 7.49-7.47 (m, 1H), 7.44-7.40 (m, 1H), 7.38-7.30 (m, 4H), 7.08 (d, J = 8.4 Hz, 1H), 
6.85 (dd, J = 8.4, 6.8 Hz, 1H), 6.73-6.62 (m, 4H), 6.56 (d, J = 6.8 Hz, 1H); 13C NMR δ 151.9, 151.3, 
151.2, 149.9, 140.1, 133.9, 133.7, 131.2, 131.3 (q, J = 31.0 Hz), 130.6, 129.7, 129.2, 128.8, 128.5, 
128.4, 128.3, 127.9, 127.7, 125.8 (q, J = 5.1 Hz), 123.8 (q, J = 273.6 Hz), 121.8 (q, J = 2.4 Hz), 
121.1, 118.9, 117.2, 116.5, 94.6, 88.9; 19F NMR δ -62.03; HRMS (DART, positive): m/z calcd. for 
C27H19F3N+ [M+NH4]+ 414.1464, found 414.1457. 
 
1-(2-(2-Chlorophenylethynyl)phenyl)biphenylene (1ea) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.30). The title compound was obtained as a yellow 
solid (77%, General procedure A); mp 76-78 °C; 1H NMR δ 7.71-7.70 (m, 1H), 7.49-7.47 (m, 1H), 
7.43-7.39 (m, 1H), 7.36-7.33 (m, 2H), 7.25 (dd, J = 7.7, 1.6 Hz, 1H), 7.20-7.16 (m, 1H), 7.13-7.10 
(m, 2H), 6.84 (dd, J = 8.4, 6.8 Hz, 1H), 6.73-6.70 (m, 1H), 6.67-6.63 (m, 3H), 6.57-6.55 (m, 1H); 
13C NMR δ 151.9, 151.4, 151.2, 149.9, 140.1, 135.9, 133.7, 133.4, 130.7, 129.8, 129.3, 129.2, 
129.0, 128.8, 128.4, 128.4, 128.3, 127.7, 126.4, 123.5, 121.2, 118.8, 117.2, 116.5, 94.1, 89.8; 
HRMS (DART, positive): m/z calcd. for C26H16Cl+ [M+H]+ 363.0935, found 363.0931. 
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1-(2-(2-Bromophenylethynyl)phenyl)biphenylene (1fa) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (73%, General procedure A); mp 73-75 °C; 1H NMR δ 7.73-7.71 (m, 1H), 7.53 (dd, J = 8.0, 
1.1 Hz, 1H), 7.48-7.46 (m, 1H), 7.43-7.40 (m, 1H), 7.37-7.33 (m, 1H), 7.23 (dd, J = 8.4, 6.8 Hz, 
1H), 7.17-7.14 (m, 1H), 7.13-7.08 (m, 2H), 6.84 (dd, J = 8.4, 6.8 Hz 1H), 6.73-6.70 (m, 1H), 
6.67-6.63 (m, 3H), 6.57-6.55 (m, 1H); 13C NMR δ 151.9, 151.4, 151.2, 149.9, 140.1, 133.6, 133.5, 
132.4, 130.7, 129.8, 129.4, 129.0, 128.8, 128.5, 128.4, 128.3, 127.7, 127.0, 125.7, 125.5, 121.2, 
118.8, 117.2, 116.5, 93.5, 91.5; HRMS (DART, positive): m/z calcd. for C26H1679Br+ [M+H]+ 
407.0430, found 407.0424. 
 
1-(2-([1,1'-Biphenyl]-2-ylethynyl)phenyl)biphenylene (1ga) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (45%, General procedure A); mp 127-129 °C; 1H NMR δ 7.62-7.59 (m, 2H), 7.43-7.39 (m, 
3H), 7.37-7.31 (m, 6H), 7.27-7.19 (m, 2H), 7.01 (dd, J = 8.4, 0.6 Hz, 1H), 6.76 (dd, J = 8.4, 6.8 Hz, 
1H), 6.78-6.70 (m, 1H), 6.67-6.62 (m, 3H), 6.54-6.52 (m, 1H); 13C NMR δ 151.8, 151.4, 151.2, 
149.7, 143.7, 140.6, 139.7, 133.2, 133.1, 131.2, 130.8, 129.8, 129.5, 129.4, 128.7, 128.5, 128.4, 
128.3, 128.3, 128.0, 127.6, 127.5, 127.1, 121.8, 121.7, 118.8, 117.2, 116.5, 92.8, 91.7; HRMS 
(DART, positive): m/z calcd. for C32H24N+ [M+NH4]+ 422.1903, found 422.1903. 
 
1-(2-(Naphthalen-1-ylethynyl)phenyl)biphenylene (1ha) 
Isolated by PTLC (hexane/toluene = 4/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (94%, General procedure C); mp 80-82 °C; 1H NMR δ 8.29-8.28 (m, 1H), 7.81-7.76 (m, 3H), 
7.54 (dd, J = 7.2, 1.2 Hz. 1H), 7.50 (dd, J = 6.9, 1.2 Hz, 1H), 7.48-7.34 (m, 5H), 7.15 (dd, J = 8.4, 
0.6 Hz, 1H), 6.85 (dd, J = 8.4, 6.8 Hz, 1H), 6.71-6.66 (m, 3H), 6.64-6.61 (m, 1H), 6.58-6.57 (m, 
1H); 13C NMR δ 151.8, 151.4, 151.3, 149.9, 140.1, 133.4, 133.3, 133.2, 131.0, 130.6, 129.9, 128.9, 
128.7, 128.7, 128.5, 128.4, 128.4, 128.2, 127.7, 126.7, 126.6, 126.4, 125.4, 121.9, 121.2, 118.7, 




Isolated by PTLC (hexane/DCM = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (70%, General procedure D); mp 108-111 °C; 1H NMR δ 8.71 (d, J = 1.8 Hz, 1H), 8.19 (d, J = 
1.8 Hz, 1H), 8.15 (d, J = 1.8 Hz, 1H), 8.02-7.96 (m, 4H), 7.87-7.85 (m, 1H), 7.57-7.55 (m, 1H), 
7.48-7.42 (m, 2H), 7.21 (dd, J = 8.4, 0.6 Hz, 1H), 6.88 (dd, J = 8.4, 6.8 Hz, 1H), 6.78-6.74 (m, 2H), 
6.71-6.70 (m, 2H), 6.66-6.63 (m, 1H), 1.57 (s, 9H), 1.57 (s, 9H); 13C NMR δ 152.2, 151.6, 151.3, 
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150.0, 149.0, 148.9, 140.1, 133.5, 132.9, 131.0, 130.7, 130.2, 130.0, 129.9, 129.0, 128.7, 128.6, 
128.6, 128.3, 127.8, 127.7, 127.3, 123.0, 122.7, 122.7, 122.5, 122.5, 122.0, 120.9, 120.3, 119.3, 
117.2, 116.6, 93.6, 92.0, 35.5, 35.3, 32.1, 32.0 (a pair of peaks at the aromatic region was over-
lapped); HRMS (DART, positive): m/z calcd. for C44H40N+ [M+NH4]+ 582.3155, found 582.3154. 
 
1-((2-(Biphenylen-1-yl)phenyl)ethynyl)-7-tert-butylpyrene (1ja) 
Isolated by PTLC (hexane/DCM = 9/1, Rf = 0.25). The title compound was obtained as a yellow 
solid (91%, General procedure D); mp 88-90 °C; 1H NMR δ 8.47 (d, J = 9.0 Hz, 1H), 8.22 (d, J = 
1.7 Hz, 1H), 8.20 (d, J = 1.8 Hz, 1H), 8.04 (d, J = 6.3 Hz, 1H), 8.02 (d, J = 6.6 Hz, 1H), 8.00 (d, J = 
8.0 Hz, 1H), 7.97 (d, J = 8.9 Hz, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.86-7.84 (m, 1H), 7.54-7.52 (m, 
1H), 7.46-7.40 (m, 2H), 7.22 (dd, J = 8.4, 0.7 Hz, 1H), 6.92-6.89 (m, 1H), 6.76-6.75 (m, 1H), 
6.71-6.67 (m, 2H), 6.62-6.61 (m, 2H), 1.58 (s, 9H); 13C NMR δ 151.8, 151.4, 151.4, 150.0, 149.5, 
140.1, 133.4, 131.9, 131.2, 131.1, 131.1, 131.1, 129.9, 129.5, 128.9, 128.6, 128.6, 128.4, 128.4, 
128.4, 127.8, 127.2, 125.8, 124.4, 124.4, 122.9, 122.9, 122.7, 122.0, 118.8, 117.9, 117.3, 116.6, 
94.6, 92.6, 35.4, 32.1 (a pair of peaks at the aromatic region was overlapped); HRMS (DART, pos-
itive): m/z calcd. for C40H29+ [M+H]+ 509.2264, found 509.2266. 
 
1-(3-Methoxy-2-(2-methylphenylethynyl)phenyl)biphenylene (1ab) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.55). The title compound was obtained as a yellow 
solid (51%, General procedure B); mp 100-102 °C; 1H NMR δ 7.32 (dd, J = 8.0, 8.0 Hz, 1H), 7.24 
(d, J = 7.5 Hz, 1H), 7.14-7.13 (m, 2H), 7.09 (dd, J = 8.4, 0.6 Hz, 1H), 7.07-7.02 (m, 2H), 6.90 (dd, 
J = 8.3, 0.9 Hz, 1H), 6.81 (dd, J = 8.4, 6.8 Hz, 1H), 6.72-6.69 (m, 1H), 6.66-6.62 (m, 3H), 
6.56-6.55 (m, 1H), 3.95 (s, 3H), 2.42 (s, 3H); 13C NMR δ 160.9, 151.9, 151.4, 151.1, 149.9, 141.5, 
140.3, 132.0, 130.8, 129.9, 129.3, 129.1, 128.4, 128.3, 128.2, 128.1, 125.4, 123.7, 121.1, 118.9, 
117.2, 116.4, 111.6, 109.7, 96.8, 88.7, 56.2, 20.6; HRMS (DART, positive): m/z calcd. for 
C28H24NO+ [M+NH4]+ 390.1852, found 390.1848. 
 
1-(3-Fluoro-2-(2-methylphenylethynyl)phenyl)biphenylene (1ac) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.70). The title compound was obtained as a yellow 
solid (78%, General procedure B); mp 91-92 °C; 1H NMR δ 7.35-7.31 (m, 1H), 7.27-7.24 (m, 2H), 
7.19-7.14 (m, 2H), 7.13-7.05 (m, 3H), 6.83 (dd, J = 8.4, 6.8 Hz, 1H), 6.74-6.71 (m, 1H), 6.68-6.64 
(m, 3H), 6.56-6.55 (m, 1H), 2.41 (s, 3H); 13C NMR δ 163.5 (d, J = 250.9 Hz), 151.6, 151.3, 151.3, 
150.0, 141.9 (d, J = 0.9 Hz), 140.6, 132.1, 129.8 (d, J = 2.8 Hz), 129.5, 129.5, 129.3 (d, J = 8.9 Hz), 
128.6, 128.5 (d, J = 5.2 Hz), 128.4, 125.5, 124.3 (d, J = 3.2 Hz), 123.0, 118.9, 117.3, 116.7, 114.5 
(d, J = 21.8 Hz), 111.0 (d, J = 16.4 Hz), 97.6 (d, J = 4.1 Hz), 85.8, 20.6 (a pair of peaks at the aro-
Enantioselective Synthesis of Axially Chiral PAHs via Regioselective C-C Bond Cleavage 
 139 
matic region was overlapped); 19F NMR δ -108.31; HRMS (DART, positive): m/z calcd. for 
C27H18F+ [M+H]+ 361.1387, found 361.1382. 
 
1-(4-Methoxy-2-(2-methylphenylethynyl)phenyl)biphenylene (1ad) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as yellow oil 
(72%, General procedure A); 1H NMR δ 7.37 (d, J = 8.6 Hz, 1H), 7.29-7.28 (m, 1H), 7.18-7.13 (m, 
3H), 7.09-7.05 (m, 2H), 6.95 (dd, J = 8.6, 2.7 Hz, 1H), 6.80 (dd, J = 8.4, 6.8 Hz, 1H), 6.72-6.69 (m, 
1H), 6.66-6.63 (m, 2H), 6.61 (d, J = 6.8 Hz, 1H), 6.55-6.54 (m, 1H), 3.87 (s, 3H), 2.38 (s, 3H); 13C 
NMR δ 158.9, 151.9, 151.3, 151.2, 149.5, 140.4, 132.6, 132.2, 130.7, 130.0, 129.9, 129.5, 128.4, 
128.3, 128.3, 128.2, 125.6, 123.1, 122.8, 118.5, 117.6, 117.2, 116.1, 115.3, 92.8, 91.8, 55.6, 20.7; 
HRMS (DART, positive): m/z calcd. for C28H24NO+ [M+NH4]+ 390.1852, found 390.1845. 
 
1-(4-Fluoro-2-(2-methylphenylethynyl)phenyl)biphenylene (1ae) 
Isolated by PTLC (hexane/DCM = 4/1, Rf = 0.60). The title compound was obtained as a yellow 
solid (88%, General procedure B); mp 76-77 °C; 1H NMR δ 7.41 (dd, J = 8.6, 5.8 Hz, 1H), 7.34 (dd, 
J = 9.2, 2.7 Hz, 1H), 7.27-7.25 (m, 1H), 7.20-7.14 (m, 2H), 7.11-7.03 (m, 3H), 6.83-6.80 (m, 1H), 
6.74-6.71 (m, 1H), 6.68-6.63 (m, 3H), 6.54-6.52 (m, 1H), 2.37 (s, 3H); 13C NMR δ 161.8 (d, J = 
247.4 Hz), 151.6, 151.3, 151.2, 149.8, 140.5, 136.1 (d, J = 3.0 Hz), 132.2, 130.5 (d, J = 8.6 Hz), 
130.0, 129.7, 129.5, 128.7, 128.5, 128.5, 128.4, 125.6, 123.7 (d, J = 9.8 Hz), 122.8, 119.6 (d, J = 
22.7 Hz), 118.6, 117.3, 116.5, 115.9 (d, J = 21.5 Hz), 92.9, 91.7 (d, J = 3.0 Hz), 20.6; 19F NMR δ 
-114.72; HRMS (DART, positive): m/z calcd. for C27H21FN+ [M+NH4]+ 378.1653, found 378.1647. 
 
1-(4-Chloro-2-(2-methylphenylethynyl)phenyl)biphenylene (1af) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (48%, General procedure A); mp 137-138 °C; 1H NMR δ 7.63 (d, J = 2.1 Hz, 1H), 7.38 (d, J 
= 8.3 Hz, 1H), 7.35 (dd, J = 8.3, 2.1 Hz, 1H), 7.26-7.25 (m, 1H), 7.20-7.14 (m, 2H), 7.09-7.06 (m, 
1H), 7.05 (d, J = 8.4 Hz, 1H), 6.82 (dd, J = 8.4, 6.8 Hz, 1H), 6.74-6.71 (m, 1H), 6.67-6.64 (m, 3H), 
6.54-6.53 (m, 1H), 2.37 (s, 3H); 13C NMR δ 151.5, 151.3, 151.3, 149.8, 140.5, 138.3, 133.3, 132.8, 
132.2, 130.1, 129.8, 129.5, 129.5, 128.7, 128.5, 128.5, 128.5, 125.6, 123.5, 122.7, 118.7, 117.4, 
116.7, 93.1, 91.5, 20.7 (a pair of peaks at the aromatic region was overlapped); HRMS (DART, 
positive): m/z calcd. for C27H21ClN+ [M+NH4]+ 394.1357, found 394.1355. 
 
1-(5-Methoxy-2-(2-methylphenylethynyl)phenyl)biphenylene (1ag) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.40). The title compound was obtained as a yellow 
solid (43%, General procedure B); mp 89-91 °C; 1H NMR δ 7.58 (d, J = 8.6 Hz, 1H), 7.26 (d, J = 
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7.5 Hz, 1H), 7.16-7.11 (m, 3H), 7.08-7.04 (m, 1H), 6.99 (d, J = 2.6 Hz, 1H), 6.89 (dd, J = 8.6, 2.7 
Hz, 1H), 6.82 (dd, J = 8.4, 6.8 Hz, 1H), 6.74-6.70 (m, 1H), 6.68-6.63 (m, 3H), 6.58-6.57 (m, 1H), 
3.86 (s, 3H), 2.37 (s, 3H); 13C NMR δ 159.7, 151.8, 151.4, 151.2, 149.7, 141.3, 140.0, 134.8, 131.9, 
130.9, 129.7, 129.4, 128.4, 128.4, 127.9, 125.5, 123.6, 118.6, 117.3, 116.6, 114.3, 114.0, 113.8, 
92.8, 90.6, 55.6, 20.7 (a pair of peaks at the aromatic region was overlapped); HRMS (DART, pos-
itive): m/z calcd. for C28H21O+ [M+H]+ 373.1587, found 373.1581. 
 
1-(5-Fluoro-2-(2-methylphenylethynyl)phenyl)biphenylene (1ah) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (74%, General procedure A); mp 86-87 °C; 1H NMR δ 7.62 (dd, J = 8.6, 5.8 Hz, 1H), 
7.26-7.24 (m, 1H), 7.18-7.13 (m, 3H), 7.09-7.02 (m, 3H), 6.82 (dd, J = 8.4, 6.8 Hz, 1H), 6.74-6.71 
(m, 1H), 6.69-6.64 (m, 3H), 6.58-6.56 (m, 1H), 2.37 (s, 3H); 13C NMR δ 162.5 (d, J = 250.0 Hz), 
151.4, 151.3, 149.9, 142.0 (d, J = 8.1 Hz), 140.2, 135.2 (d, J = 8.3 Hz), 132.0, 129.8 (d, J = 1.8 Hz), 
129.5, 129.4, 128.6, 128.5, 128.3, 125.6, 123.1, 118.8, 118.1 (d, J = 3.3 Hz), 117.4, 116.8, 115.7 (d, 
J = 22.4 Hz), 115.0 (d, J = 22.1 Hz), 91.8, 91.6 (d, J = 1.8 Hz), 20.7 (two pairs of peaks at the ar-
omatic region were overlapped); 19F NMR δ -111.12; HRMS (DART, positive): m/z calcd. for 
C27H21FN+ [M+NH4]+ 378.1653, found 378.1648. 
 
1-(6-Fluoro-2-(2-methylphenylethynyl)phenyl)biphenylene (1ai) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.60). The title compound was obtained as yellow oil 
(53%, General procedure B); 1H NMR δ 7.44 (d, J = 7.3 Hz, 1H), 7.31-7.27 (m, 1H), 7.25-7.23 (m, 
1H), 7.18-7.10 (m, 3H), 7.07-7.04 (m, 1H), 6.97 (d, J = 8.9 Hz, 1H), 6.83-6.80 (m, 1H), 6.73-6.70 
(m, 1H), 6.67-6.64 (m, 3H), 6.47 (d, J = 6.8 Hz, 1H), 2.33 (s, 3H); 13C NMR δ 160.0 (d, J = 247.7 
Hz), 151.8 (d, J = 1.2 Hz), 151.3, 151.2 (d, J = 1.5 Hz), 151.1, 140.5, 132.2, 130.5 (d, J = 1.5 Hz), 
129.5, 128.9 (d, J = 9.2 Hz), 128.8 (d, J = 3.3 Hz), 128.6, 128.5, 128.4, 127.9, 127.5 (d, J = 16.4 
Hz), 125.6, 124.8 (d, J = 4.8 Hz), 123.8, 122.8, 118.8 (d, J = 0.9 Hz), 117.3, 116.8, 115.9 (d, J = 
23.0 Hz), 92.8, 91.5 (d, J = 4.5 Hz), 20.5; 19F NMR δ -114.47; HRMS (DART, positive): m/z calcd. 
for C27H21FN+ [M+NH4]+ 378.1653, found 378.1650. 
 
1-(1-(2-Methylphenylethynyl)naphthalen-2-yl)biphenylene (1aj) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.60). The title compound was obtained as a yellow 
solid (81%, General procedure B); mp 116-119 °C; 1H NMR δ 8.63-8.61 (m, 1H), 7.90-7.87 (m, 
2H), 7.66-7.63 (m, 1H), 7.60-7.54 (m, 2H), 7.39 (d, J = 7.5 Hz, 1H), 7.22-7.19 (m, 3H), 7.14-7.09 
(m, 1H), 6.88-6.85 (m, 1H), 6.74-6.63 (m, 4H), 6.53-6.52 (m, 1H), 2.51 (s, 3H); 13C NMR δ 151.9, 
151.4, 151.2, 150.3, 140.2, 138.5, 133.9, 132.7, 132.3, 131.4, 130.1, 129.6, 128.6, 128.4, 128.4, 
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128.4, 128.3, 127.4, 126.9, 126.6, 125.7, 123.5, 118.9, 118.9, 117.3, 116.5, 97.7, 90.8, 21.1 (two 
pairs of peaks at the aromatic region were overlapped); HRMS (DART, positive): m/z calcd. for 
C31H24N+ [M+NH4]+ 410.1903, found 410.1896. 
 
1-(3-(2-Methylphenylethynyl)naphthalen-2-yl)biphenylene (1ak) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.50). The title compound was obtained as a yellow 
solid (56%, General procedure B); mp 52-55 °C; 1H NMR δ 8.18 (s, 1H), 7.90 (s, 1H), 7.90-7.81 
(m, 2H), 7.53-7.49 (m, 2H), 7.33 (d, J = 7.4 Hz, 1H), 7.19-7.15 (m, 3H), 7.10-7.07 (m, 1H), 
6.87-6.84 (m, 1H), 6.73-6.70 (m, 1H), 6.68-6.63 (m, 3H), 6.54-6.52 (m, 1H), 2.43 (s, 3H); 13C 
NMR δ 151.9, 151.4, 151.2, 150.0, 140.4, 136.7, 133.2, 133.0, 132.5, 132.2, 131.0, 130.1, 129.5, 
128.4, 128.4, 128.3, 128.0, 127.8, 127.5, 127.2, 126.9, 125.6, 123.3, 120.1, 118.5, 117.3, 116.5, 
93.0, 92.0, 20.7 (a pair of peaks at the aromatic region was overlapped); HRMS (DART, positive): 
m/z calcd. for C31H24N+ [M+NH4]+ 410.1903, found 410.1899. 
 
1-(2-(2-Methylphenylethynyl)naphthalen-1-yl)biphenylene (1al) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.50) The title compound was obtained as yellow oil 
(44%, General procedure A); 1H NMR δ 7.96-7.93 (m, 1H), 7.87 (d, J = 7.7 Hz, 1H), 7.82 (d, J = 
8.5 Hz, 1H), 7.70-7.68 (m, 1H), 7.51-7.44 (m, 2H), 7.30 (d, J = 7.6 Hz, 1H), 7.17-7.14 (m, 2H), 
7.09-7.06 (m, 1H), 6.96-6.94 (m, 1H), 6.90-6.86 (m, 1H), 6.72-6.68 (m, 3H), 6.57-6.53 (m, 1H), 
6.03-6.01 (m, 1H), 2.34 (s, 3H); 13C NMR δ 151.7, 151.4, 151.2, 151.2, 140.4, 138.1, 133.2, 132.2, 
131.5, 131.4, 129.4, 129.1, 128.7, 128.4, 128.3, 128.3, 128.3, 128.2, 127.9, 127.0, 126.6, 126.5, 
125.5, 123.3, 120.3, 118.6, 117.3, 116.6, 93.5, 92.5, 20.6; HRMS (DART, positive): m/z calcd. for 
C31H24N+ [M+NH4]+ 410.1903, found 410.1900. 
 
2-(Biphenylen-1-yl)-3-(2-methylphenylethynyl)thiophene (1am) 
Isolated by PTLC (hexane/DCM = 2/1, Rf = 0.60). The title compound was obtained as a yellow 
solid (68%, General procedure B); mp 67-68 °C; 1H NMR δ 7.5 (d, J = 8.6 Hz, 1H), 7.39 (d, J = 7.5 
Hz, 1H), 7.27 (dd, J = 5.2, 0.5 Hz, 1H), 7.21-7.18 (m, 3H), 7.14-7.11 (m, 1H), 6.91-6.90 (m, 1H), 
6.81 (dd, J = 8.6, 6.8 Hz, 1H), 6.78-6.71 (m, 2H), 6.67-6.66 (m, 1H), 6.60 (d, J = 6.8 Hz, 1H), 2.45 
(s, 3H); 13C NMR δ 151.5, 151.1, 150.9, 148.7, 141.5, 140.2, 132,1, 131.9, 129.6, 128.7, 128.7, 
128.5, 128.4, 127.8, 125.7, 124.3, 124.2, 123.2, 119.3, 119.2, 117.3, 116.5, 91.9, 89.0, 20.9; HRMS 







Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.25). The title compound was obtained as a yellow 
solid; mp 116-117 °C; 1H NMR δ 8.74 (d, J = 8.3 Hz, 1H), 8.52 (d, J = 8.1 Hz, 1H), 8.02 (d, J = 7.1 
Hz, 1H), 7.91-7.89 (m, 1H), 7.79 (dd, J = 8.1, 7.1 Hz, 1H), 7.70-7.66 (m, 1H), 7.61 (dd, J = 8.2, 1.1 
Hz, 1H), 7.53-7.47 (m, 3H), 7.44-7.41 (m, 1H), 7.35-7.30 (m, 2H), 7.09-7.06 (m, 1H), 6.63-6.62 (m, 
1H), 2.02 (s, 3H); 13C NMR δ 140.9, 138.8, 137.6, 137.2, 137.1, 135.9, 134.0, 132.4, 132.0, 130.9, 
130.5, 130.0, 128.5, 128.1, 128.0, 127.9, 127.6, 127.5, 127.1, 127.0, 126.6, 123.9, 123.3, 121.6, 
121.2, 119.6, 19.9; HRMS (DART, positive): m/z calcd. for C27H22N+ [M+NH4]+ 360.1747, found 
360.1740; [α]23D = -36.4 (c 0.25, CHCl3, 97% ee); Ee was determined by HPLC analysis using a 
chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, eluent: 0.1% 
2-propanol in hexane, flow rate: 1 mL/min, retention time: 21.42 min for major isomer and 19.63 
min for minor isomer). 
 
8-(2-Octylphenyl)benzo[b]fluoranthene (2ba) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.50). The title compound was obtained as yellow 
oil; 1H NMR δ 8. (d, J =  Hz, 1H), 8.52 (d, J = 8.2 Hz, 1H), 8.02 (d, J = 7.1 Hz, 1H), 7.91-7.89 (m, 
1H), 7.79 (dd, J = 8.0, 7.2 Hz, 1H), 7.69-7.66 (m, 1H), 7.63-7.61 (m, 1H), 7.56-7.49 (m, 3H), 
7.43-7.40 (m, 1H), 7.33-7.29 (m, 2H), 7.08-7.05 (m, 1H), 6.64-6.62 (m, 1H), 2.39-2.28 (m, 2H), 
1.32-1.26 (m, 2H), 1.09-1.01 (m, 2H), 0.93-0.80 (m, 8H), 0.74 (t, J = 7.3 Hz, 3H); 13C NMR δ 
141.9, 140.9, 138.9, 137.3, 137.1, 135.9, 134.4, 132.7, 132.0, 130.8, 130.4, 129.6, 128.5, 128.4, 
128.1, 127.8, 127.5, 127.5, 127.0, 126.9, 126.5, 124.2, 123.2, 121.6, 121.1, 119.6, 33.4, 31.8, 30.3, 
29.2, 29.1, 29.0, 22.6, 14.2; HRMS (DART, positive): m/z calcd. for C34H36N+ [M+NH4]+ 
458.2842, found 458.2835; [α]29D = -53.8 (c 0.43, CHCl3, 97% ee); Ee was determined by HPLC 
analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, elu-
ent: 0.1% 2-propanol in hexane, flow rate: 1 mL/min, retention time: 17.92 min for major isomer 
and 17.09 min for minor isomer). 
 
8-(2-(Octyloxy)phenyl)benzo[b]fluoranthene (2ca) 
Isolated by PTLC (hexane/DCM= 9/1, Rf = 0.40). The title compound was obtained as yellow oil; 
1H NMR δ 8.71 (d, J = 8.0 Hz, 1H), 7.99 (d, J = 7.1 Hz, 1H), 7.89-7.88 (m, 1H), 7.76 (dd, J = 8.1, 
7.2 Hz, 1H), 7.71-7.69 (m, 1H), 7.66-7.63 (m, 1H), 7.57-7.53 (m, 1H), 7.51-7.48 (m, 1H), 7.37 (dd, 
J = 7.3, 1.6 Hz, 1H), 7.31-7.28 (m, 1H), 7.20-7.15 (m, 2H), 7.10-7.06 (m, 1H), 6.83-6.81 (m, 1H), 
3.88-3.80 (m, 2H), 1.28-1.23 (m, 2H), 1.13-1.06 (m, 2H), 0.92-0.86 (m, 2H), 0.83-0.63 (m, 9H); 
13C NMR δ 157.3, 140.9, 139.1, 137.1, 134.4, 133.8, 132.8, 132.2, 131.8, 130.7, 129.8, 128.4, 
127.9, 127.6, 127.5, 127.3, 126.8, 126.6, 124.0, 123.1, 121.5, 121.2, 121.1, 119.4, 113.1, 68.7, 31.7, 
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29.1, 29.1, 29.0, 25.7, 22.7, 14.2 (a pair of peaks at the aromatic region was overlapped); HRMS 
(DART, positive): m/z calcd. for C34H36NO+ [M+NH4]+ 474.2791, found 474.2785; [α]29D = -38.9 
(c 0.61, CHCl3, 68% ee); Ee was determined by HPLC analysis using a chiral column (Daicel Chi-
ralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, eluent: 0.1% 2-propanol in hexane, flow rate: 1 
mL/min, retention time: 24.92 min for major isomer and 22.25 min for minor isomer). 
 
8-(2-(Trifluoromethyl)phenyl)benzo[b]fluoranthene (2da) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.30). The title compound was obtained as a yellow 
solid; mp 135-138 °C; 1H NMR δ 8.73 (d, J = 8.0 Hz, 1H), 8.51 (d, J = 8.2 Hz, 1H), 8.02-8.00 (m, 
2H), 7.09-7.88 (m, 1H), 7.81-7.73 (m, 3H), 7.70-7.66 (m, 1H), 7.53-7.44 (m, 3H), 7.33-7.29 (m, 
1H), 7.06-7.03 (m, 1H), 6.41 (d, J = 7.7 Hz, 1H); 13C NMR δ 141.1, 138.5, 137.3, 137.2 (q, J = 
1.79 Hz), 134.3, 133.4, 132.7, 132.5, 132.3, 131.7, 130.6, 130.2 (q, J = 30.1 Hz), 128.8, 128.5, 
128.4, 128.1, 127.7, 127.4, 127.0, 126.9 (q, J = 4.5 Hz), 126.8, 124.0, 123.9 (q, J = 274.5 Hz), 
123.1, 121.7, 121.3, 119.8; 19F NMR δ -59.86; HRMS (DART, positive): m/z calcd. for 
C27H19F3N+ [M+NH4]+ 414.1464, found 414.1458; [α]28D = -4.30 (c 0.62, CHCl3, 85% ee); Ee was 
determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm 
UV detector, rt, eluent: 1% THF in hexane, flow rate: 1 mL/min, retention time: 30.87 min for ma-
jor isomer and 29.61 min for minor isomer). 
 
8-(2-Chlorophenyl)benzo[b]fluoranthene (2ea) 
Isolated by short column (hexane/toluene = 9/1, Rf = 0.40). The title compound was obtained as a 
yellow solid; mp 52-54 °C; 1H NMR δ 8.75 (d, J = 8.1 Hz, 1H), 8.52 (d, J = 8.1 Hz, 1H), 8.01 (d, J 
= 7.1 Hz, 1H), 7.92-7.90 (m, 1H), 7.80 (dd, J = 8.1, 7.1 Hz, 1H), 7.72-7.68 (m, 2H), 7.59-7.47 (m, 
5H), 7.35-7.32 (m, 1H), 7.12-7.08 (m, 1H), 6.67-6.65 (m, 1H); 13C NMR δ 141.1, 138.4, 137.3, 
137.1, 134.5, 133.5, 133.2, 133.0, 132.0, 131.9, 130.8, 130.2, 129.9, 128.5, 128.1, 127.8, 127.7, 
127.6, 127.5, 127.2, 127.1, 123.8, 123.4, 121.7, 121.3, 119.8; HRMS (DART, positive): m/z calcd. 
for C26H19ClN+ [M+NH4]+ 380.1201, found 380.1193; [α]28D = -12.8 (c 0.28, CHCl3, 94% ee); Ee 
was determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 
nm UV detector, rt, eluent: 0.1% 2-propanol in hexane, flow rate: 1 mL/min, retention time: 34.22 
min for major isomer and 31.75 min for minor isomer). 
 
8-(2-Bromophenyl)benzo[b]fluoranthene (2fa) 
Isolated by short column (hexane/toluene = 9/1, Rf = 0.30). The title compound was obtained as a 
yellow solid; mp 134-136 °C; 1H NMR δ 8.76-8.74 (m, 1H), 8.52 (d, J = 8.1 Hz, 1H), 8.02-8.01 (m, 
1H), 7.92-7.89 (m, 2H), 7.80 (dd, J = 8.1, 7.1 Hz, 1H), 7.72-7.69 (m, 1H), 7.59-7.53 (m, 3H), 
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7.51-7.46 (m, 2H), 7.35-7.32 (m, 1H), 7.12-7.09 (m, 1H), 6.65-6.63 (m, 1H); 13C NMR δ 141.0, 
139.2, 138.4, 137.3, 134.8, 133.4, 133.3, 132.8, 131.9, 131.9, 130.8, 130.1, 128.5, 128.1, 127.8, 
127.7, 127.7, 127.2, 127.1, 124.4, 123.9, 123.4, 121.7, 121.3, 119.8 (a pair of peaks at the aromatic 
region was overlapped); HRMS (DART, positive): m/z calcd. for C26H1979BrN+ [M+NH4]+ 
424.0695, found 424.0694; [α]29D = -50.4 (c 0.51, CHCl3, 92% ee); Ee was determined by HPLC 
analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, elu-
ent: 0.1% 2-propanol in hexane, flow rate: 1 mL/min, retention time: 35.67 min for major isomer 
and 33.59 min for minor isomer). 
 
8-([1,1'-Biphenyl]-2-yl)benzo[b]fluoranthene (2ga) 
Isolated by PTLC (hexane/EtOAc= 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid; mp 60-62 °C; 1H NMR δ 8.62 (d, J = 8.0 Hz, 1H), 8.43 (d, J = 8.3 Hz, 1H), 7.97 (d, J = 7.1 
Hz, 1H), 7.88 (d, J = 7.5 Hz, 1H), 7.74 (dd, J = 8.0, 7.3 Hz, 1H), 7.70-7.65 (m, 3H), 7.61-7.55 (m, 
2H), 7.47-7.43 (m, 2H), 7.34-7.31 (m, 1H), 7.14-7.10 (m, 3H), 6.89-6.83 (m, 4H); 13C NMR δ 
142.4, 141.0, 140.9, 138.8, 137.0, 136.5, 136.0, 134.1, 133.3, 131.8, 131.2, 130.7, 130.5, 128.8, 
128.8, 128.5, 128.0, 127.8, 127.7, 127.5, 127.4, 126.8, 126.8, 126.7, 124.2, 123.1, 121.5, 121.2, 
119.5 (a pair of peaks at the aromatic region was overlapped); HRMS (DART, positive): m/z calcd. 
for C32H24N+ [M+NH4]+ 422.1903, found 422.1900; [α]29D = -251 (c 0.68, CHCl3, 98% ee); Ee was 
determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3×2: 4.6×250 mm, 254 
nm UV detector, rt, eluent: 1% THF in hexane, flow rate: 0.75 mL/min, retention time: 89.22 min 
for major isomer and 84.45 min for minor isomer). 
 
8-(Naphthalen-1-yl)benzo[b]fluoranthene (2ha) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.25). The title compound was obtained as a yellow 
solid; mp 108-110 °C; 1H NMR δ 8.77 (d, J = 8.1 Hz, 1H), 8.56 (d, J = 8.2 Hz, 1H), 8.11 (d, J = 8.3 
Hz, 1H), 8.04 (d, J = 7.2 Hz, 1H), 8.02 (d, J = 7.2 Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H), 7.82 (dd, J = 
8.1, 7.2 Hz, 1H), 7.71 (dd, J = 8.3, 6.9 Hz, 1H), 7.69-7.65 (m, 1H), 7.61 (dd, J = 6.9, 1.3 Hz, 1H), 
7.50-7.47 (m, 2H), 7.43-7.40 (m, 2H), 7.25-7.20 (m, 2H), 6.90-6.87 (m, 1H), 6.31 (d, J = 7.6 Hz, 
1H); 13C NMR δ 140.9, 138.5, 137.2, 135.9, 134.8, 134.6, 133.9, 133.7, 132.7, 132.0, 130.8, 128.7, 
128.4, 128.3, 128.0, 127.8, 127.7, 127.5, 127.1, 127.0, 126.6, 126.4, 126.0, 124.3, 123.2, 121.7, 
121.2, 119.7 (two pairs of peaks at the aromatic region were overlapped); HRMS (DART, posi-
tive): m/z calcd. for C30H22N+ [M+NH4]+ 396.1747, found 396.1740; [α]26D = -125 (c 0.72, CHCl3, 
93% ee); Ee was determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 
4.6×250 mm, 254 nm UV detector, rt, eluent: 0.1% 2-propanol in hexane, flow rate: 1 mL/min, re-
tention time: 22.19 min for major isomer and 25.99 min for minor isomer). 
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8-(2,7-Di-tert-butylpyren-4-yl)benzo[b]fluoranthene (2ia) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.40). The title compound was obtained as a yellow 
solid; mp 158-160 °C; 1H NMR δ 8.81 (d, J = 8.0 Hz, 1H), 8.62 (d, J = 8.3 Hz, 1H), 8.32 (d, J = 1.8 
Hz, 1H), 8.21-8.21 (m, 2H), 8.18 (s, 1H), 8.16-8.15 (m, 2H), 8.08 (d, J = 7.1 Hz, 1H), 7.90-7.85 (m, 
2H), 7.81 (d, J = 1.7 Hz, 1H), 7.69-7.65 (m, 2H), 7.36-7.32 (m, 1H), 7.22-7.18 (m, 1H), 6.76-6.73 
(m, 1H), 6.68 (d, J = 7.8 Hz, 1H), 1.60 (s, 9H), 1.16 (s, 9H); 13C NMR δ 149.2, 149.0, 140.9, 138.6, 
137.4, 135.3, 133.7, 132.2, 131.2, 131.1, 130.9, 130.7, 130.4, 129.7, 129.0, 128.3, 128.0, 127.8, 
127.7, 127.5, 127.5, 127.1, 126.8, 124.8, 123.3, 123.2, 123.1, 122.7, 122.6, 122.6, 121.7, 121.7, 
121.0, 119.6, 35.5, 35.2, 32.1, 31.8 (two pairs of peaks at the aromatic region were overlapped); 
HRMS (DART, positive): m/z calcd. for C44H37+ [M+H]+ 565.2890, found 565.2891; [α]23D = -231 
(c 0.55, CHCl3, >99% ee); Ee was determined by HPLC analysis using a chiral column (Daicel 
Chiralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, eluent: 1% THF in hexane, flow rate: 0.5 
mL/min, retention time: 44.75 min for major isomer and 41.37 min for minor isomer). 
 
8-(7-tert-Butylpyren-1-yl)benzo[b]fluoranthene (2ja) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.45). The title compound was obtained as a yellow 
solid; mp 263-265 °C; 1H NMR δ 8.80 (d, J = 8.9 Hz, 1H), 8.59 (d, J = 8.1 Hz, 1H), 8.37 (d, J = 7.7 
Hz, 1H), 8.31 (d, J = 1.8 Hz, 1H), 8.24-8.19 (m, 2H), 8.16 (d, J = 1.7 Hz, 1H), 8.07-8.04 (m, 2H), 
7.88-7.79 (m, 3H), 7.68-7.62 (m, 2H), 7.43 (dd, J = 8.3, 0.8 Hz, 1H) 7.37-7.34 (m, 1H), 7.20-7.16 
(m, 1H), 6.72-6.69 (m, 1H), 6.10-6.08 (m, 1H), 1.57 (s, 9H); 13C NMR δ 149.6, 140.9, 138.6, 137.3, 
135.1, 135.0, 134.0, 132.9, 132.0, 131.4, 131.3, 131.1, 130.9, 129.9, 128.8, 128.4, 128.4, 128.2, 
127.8, 127.8, 127.6, 127.5, 127.1, 127.0, 125.4, 125.1, 125.1, 124.3, 123.2, 123.2, 122.8, 122.7, 
121.7, 121.1, 119.8, 35.4, 32.1 (a pair of peaks at the aromatic region was overlapped); HRMS 
(DART, positive): m/z calcd. for C40H29+ [M+H]+ 509.2264, found 509.2264; [α]26D = -436 (c 0.90, 
CHCl3, 99% ee); Ee was determined by HPLC analysis using a chiral column (Daicel Chiralpak 
IB-3: 4.6×250 mm, 254 nm UV detector, rt, eluent: 0.5% 2-propanol in hexane, flow rate: 1 
mL/min, retention time: 8.82 min for major isomer and 9.59 min for minor isomer). 
 
9-Methoxy-8-(2-methylphenyl)benzo[b]fluoranthene (2ab) 
Isolated by PTLC (hexane/toluene = 4/1, Rf = 0.25). The title compound was obtained as a yellow 
solid; mp 165-168 °C; 1H NMR δ 8.70 (d, J = 8.4 Hz, 1H), 8.52 (d, J = 8.2 Hz, 1H), 8.01 (d, J = 7.1 
Hz, 1H), 7.76 (dd, J = 8.1, 7.2 Hz, 1H), 7.64-7.61 (m, 1H), 7.57-7.55 (m, 1H), 7.47-7.41 (m, 2H), 
7.39-7.23 (m, 5H), 6.69 (d, J = 8.2 Hz, 1H), 3.19 (s, 3H), 2.04 (s, 3H); 13C NMR δ 156.6, 142.9, 
141.8, 137.7, 137.2, 137.1, 134.9, 132.9, 131.9, 130.7, 130.5, 129.7, 129.0, 128.6, 127.7, 127.5, 
127.1, 126.9, 125.9, 124.5, 122.8, 121.6, 119.4, 113.5, 110.6, 55.4, 20.4 (a pair of peaks at the ar-
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omatic region was overlapped); HRMS (DART, positive): m/z calcd. for C28H21O+ [M+H]+ 
373.1587, found 373.1579; [α]27D = -22.5 (c 0.70, CHCl3, 93% ee); Ee was determined by HPLC 
analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, elu-
ent: 1% 2-propanol in hexane, flow rate: 1 mL/min, retention time: 7.25 min for major isomer and 
7.87 min for minor isomer). 
 
9-Fluoro-8-(2-methylphenyl)benzo[b]fluoranthene (2ac) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.60). The title compound was obtained as a yellow 
solid; mp 151-153 °C; 1H NMR δ 8.73-8.71 (m, 1H), 8.55 (d, J = 8.1 Hz, 1H), 8.04 (dd, J = 7.1, 0.6 
Hz, 1H), 7.80 (dd, J = 8.1, 7.2 Hz, 1H), 7.73-7.71 (m, 1H), 7.70-7.67 (m, 1H), 7.55-7.53 (m, 1H), 
7.50-7.44 (m, 2H), 7.41-7.39 (m, 1H), 7.35-7.28 (m, 3H), 6.85-6.81 (m, 1H), 2.05 (s, 3H); 13C 
NMR δ 158.6 (d, J = 255.7 Hz), 143.8 (d, J = 6.2 Hz), 139.6 (d, J = 4.7 Hz), 138.2 (d, J = 1.8 Hz), 
137.5 (d, J = 4.3 Hz), 136.5 (d, J = 2.6 Hz), 134.4, 131.7, 131.1 (d, J = 5.2 Hz), 130.8, 130.5 (d, J = 
4.0 Hz), 129.8 (d, J = 7.8 Hz), 129.0, 128.0, 127.9, 127.7, 127.5, 127.2, 125.1, 124.3 (d, J = 15.8 
Hz), 123.0, 122.1, 119.9, 117.0 (d, J = 3.1 Hz), 115.6 (d, J = 23.3 Hz), 20.2 (a pair of peaks at the 
aromatic region was overlapped); 19F NMR δ -107.52; HRMS (DART, positive): m/z calcd. for 
C27H21FN+ [M+NH4]+ 378.1653, found 378.1645; [α]30D = -5.46 (c 0.28, CHCl3, 94% ee); Ee was 
determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm 
UV detector, rt, eluent: 1% THF in hexane, flow rate: 1 mL/min, retention time: 20.40 min for ma-
jor isomer and 18.42 min for minor isomer). 
 
10-Methoxy-8-(2-methylphenyl)benzo[b]fluoranthene (2ad) 
Isolated by PTLC (hexane/toluene = 1/1, Rf = 0.55). The title compound was obtained as a yellow 
solid; mp 136-138 °C; 1H NMR δ 8.74-8.72 (m, 1H), 8.44 (d, J = 8.1 Hz, 1H), 7.90 (dd, J = 7.1, 0.6 
Hz, 1H), 7.78-7.73 (m, 2H), 7.71-7.67 (m, 1H), 7.65-7.63 (m, 1H), 7.54-7.48 (m, 3H), 7.46-7.42 (m, 
1H), 7.36-7.34 (m, 1H), 6.85 (dd, J = 8.3, 2.5 Hz, 1H), 6.14 (d, J = 2.4 Hz, 1H), 3.57 (s, 3H), 2.03 
(s, 3H); 13C NMR δ 159.7, 140.5, 137.5, 137.2, 137.2, 135.9, 133.9, 133.8, 132.3, 132.2, 131.1, 
130.6, 130.0, 128.5, 128.2, 128.0, 127.3, 127.1, 126.9, 126.6, 123.3, 121.9, 120.5, 118.7, 114.0, 
109.2, 55.2, 19.9; HRMS (DART, positive): m/z calcd. for C28H21O+ [M+H]+ 373.1587, found 
373.1582; [α]29D = -21.6 (c 0.31, CHCl3, 97% ee); Ee was determined by HPLC analysis using a 
chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, eluent: 1% 2-propanol 
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10-Fluoro-8-(2-methylphenyl)benzo[b]fluoranthene (2ae) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.60). The title compound was obtained as a yellow 
solid; mp 118-121 °C; 1H NMR δ 8.74 (d, J = 8.0 Hz, 1H), 8.49 (d, J = 8.1 Hz, 1H), 7.96 (d, J = 7.1 
Hz, 1H), 7.82 (dd, J = 8.3, 5.1 Hz, 1H), 7.78 (dd, J = 8.1, 7.2 Hz, 1H), 7.72-7.69 (m, 1H), 7.62 (d, J 
= 8.2 Hz, 1H), 7.54-7.48 (m, 3H), 7.45-7.42 (m, 1H), 7.32 (d, J = 7.4 Hz, 1H), 7.02-6.98 (m, 1H), 
6.28-6.25 (m, 1H), 2.01 (s, 3H); 13C NMR δ 162.8 (d, J = 244.1 Hz), 140.7 (d, J = 9.5 Hz), 137.0, 
137.0, 136.8 (d, J = 2.4 Hz), 136.8, 136.3, 133.8, 132.2 (d, J = 1.8 Hz), 131.5 (d, J = 3.3 Hz), 131.1, 
130.7, 129.8, 128.8, 128.2, 128.2, 127.4, 127.1, 126.7, 123.3, 122.0 (d, J = 9.2 Hz), 121.3, 119.4 (d, 
J = 0.9 Hz), 114.5 (d, J = 23.5 Hz), 111.2 (d, J = 24.4 Hz), 19.9 (a pair of peaks at the aromatic re-
gion was overlapped); 19F NMR δ -113.96; HRMS (DART, positive): m/z calcd. for C27H21FN+ 
[M+NH4]+ 378.1653, found 378.1646; [α]30D = -17.3 (c 0.50, CHCl3, 88% ee); Ee was determined 
by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm UV detec-
tor, rt, eluent: 1% THF in hexane, flow rate: 1 mL/min, retention time: 22.33 min for major isomer 
and 20.78 min for minor isomer). 
 
10-Chloro-8-(2-methylphenyl)benzo[b]fluoranthene (2af) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.60). The title compound was obtained as a yellow 
solid; mp 59-62 °C; 1H NMR δ 8.74 (d, J = 8.0 Hz, 1H), 8.53 (d, J = 8.1 Hz, 1H), 7.98 (d, J = 7.1 
Hz, 1H), 7.81-7.77 (m, 2H), 7.72-7.69 (m, 1H), 7.63 (d, J = 8.1 Hz, 1H), 7.55-7.52 (m, 2H), 7.49 (d, 
J = 7.6 Hz, 1H), 7.46-7.43 (m, 1H), 7.33-7.31 (m, 1H), 7.29-7.27 (m, 1H), 6.52 (s, 1H), 2.00 (s, 
3H); 13C NMR δ 140.3, 139.1, 136.9, 136.9, 136.9, 136.1, 133.7, 133.2, 131.9, 131.3, 131.0, 130.6, 
129.8, 128.8, 128.2, 127.7, 127.5, 127.4, 127.1, 126.6, 124.0, 123.3, 121.9, 121.8, 119.7, 19.9 (a 
pair of peaks at the aromatic region was overlapped); HRMS (DART, positive): m/z calcd. for 
C27H21ClN+ [M+NH4]+ 394.1357, found 394.1349; [α]23D = -7.43 (c 0.44, CHCl3, 54% ee); Ee was 
determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm 
UV detector, rt, eluent: 1% THF in hexane, flow rate: 1 mL/min, retention time: 23.59 min for ma-
jor isomer and 22.06 min for minor isomer). 
 
11-Methoxy-8-(2-methylphenyl)benzo[b]fluoranthene (2ag) 
Isolated by PTLC (hexane/toluene = 2/1, Rf = 0.30). The title compound was obtained as a yellow 
solid; mp 154-157 °C; 1H NMR δ 8.72-8.71 (m, 1H), 8.51 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 7.1 Hz, 
1H), 7.78 (dd, J = 8.1, 7.1 Hz, 1H), 7.67-7.64 (m, 1H), 7.58-7.56 (m, 1H), 7.53-7.46 (m, 3H), 7.45 
(d, J = 2.4 Hz, 1H), 7.43-7.40 (m, 1H), 7.35-7.33 (m, 1H), 6.63 (dd, J = 8.5, 2.4 Hz, 1H), 6.52 (d, J 
= 8.5 Hz, 1H), 3.87 (s, 3H), 2.02 (s, 3H); 13C NMR δ 160.2, 142.7, 137.7, 137.3, 136.9, 134.3, 
134.1, 132.7, 132.3, 131.8, 130.5, 130.4, 130.1, 128.4, 128.0, 127.7, 127.4, 127.0, 126.7, 126.5, 
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124.6, 123.3, 121.9, 119.6, 113.1, 107.2, 55.7, 19.9; HRMS (DART, positive): m/z calcd. for 
C28H21O+ [M+H]+ 373.1587, found 373.1583; [α]29D = -16.7 (c 0.71, CHCl3, 97% ee); Ee was de-
termined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm 
UV detector, rt, eluent: 0.5% 2-propanol in hexane, flow rate: 0.5 mL/min, retention time: 27.59 
min for major isomer and 26.27 min for minor isomer). 
 
11-Fluoro-8-(2-methylphenyl)benzo[b]fluoranthene (2ah) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.70). The title compound was obtained as a yellow 
solid; mp 127-128 °C; 1H NMR δ 8.73 (d, J = 7.7 Hz, 1H), 8.54 (d, J = 8.2 Hz, 1H), 7.99 (d, J = 7.1 
Hz, 1H), 7.79 (dd, J = 8.0, 7.2 Hz, 1H), 7.70-7.67 (m, 1H), 7.61-7.55 (m, 2H), 7.54-7.47 (m, 3H), 
7.44-7.41 (m, 1H), 7.33 (d, J = 7.5 Hz, 1H), 6.79-6.75 (m, 1H), 6.53 (dd, J = 8.4, 5.2 Hz, 1H), 2.01 
(s, 3H); 13C NMR δ 163.2 (d, J = 246.2 Hz), 143.0 (d, J = 8.9 Hz), 137.4, 137.1, 136.1 (d, J = 3.0 
Hz), 135.6 (d, J = 1.8 Hz), 134.7 (d, J = 2.4 Hz), 133.9, 132.5, 131.5, 130.6, 130.6, 130.0, 128.6, 
128.1, 128.0, 127.5, 127.2, 127.1, 126.6, 124.8 (d, J = 8.9 Hz), 123.3, 122.3, 120.0, 114.2 (d, J = 
23.0 Hz), 108.6 (d, J = 23.5 Hz), 19.9; 19F NMR -113.80; HRMS (DART, positive): m/z calcd. for 
C27H21FN+ [M+NH4]+ 378.1653, found 378.1647; [α]28D = -16.2 (c 0.52, CHCl3, 93% ee); Ee was 
determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm 
UV detector, rt, eluent: 0.1% 2-propanol in hexane, flow rate: 1 mL/min, retention time: 16.90 min 
for major isomer and 23.54 min for minor isomer). 
 
12-Fluoro-8-(2-methylphenyl)benzo[b]fluoranthene (2ai) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.60). The title compound was obtained as a yellow 
solid; mp 169-171 °C; 1H NMR δ 8.78-8.75 (m, 1H), 8.55 (d, J = 8.1 Hz, 1H), 8.19 (d, J = 7.1 Hz, 
1H), 7.82 (dd, J = 8.2, 7.1 Hz, 1H), 7.73-7.70 (m, 1H), 7.63-7.61 (m, 1H), 7.55-7.47 (m, 3H), 
7.45-7.41 (m, 1H), 7.33 (dd, J = 7.4, 1.2 Hz, 1H), 7.06-7.00 (m, 2H), 6.41-6.40 (m, 1H), 2.00 (s, 
3H); 13C NMR δ 162.1 (d, J = 249.7 Hz), 141.4 (d, J = 6.3 Hz), 137.4, 137.1, 137.0, 134.1 (d, J = 
1.8 Hz), 133.8, 132.0 (d, J = 2.4 Hz), 131.4, 131.0, 130.6, 129.9, 128.9 (d, J = 7.2 Hz), 128.6, 128.5, 
128.2, 127.4, 127.4, 127.2 (d, J = 15.5 Hz), 127.1, 126.6, 123.3, 123.2 (d, J = 4.5 Hz), 121.8, 119.7 
(d, J = 3.0 Hz), 115.0 (d, J = 20.0 Hz), 19.9; 19F NMR δ -118.93; HRMS (DART, positive): m/z 
calcd. for C27H21FN+ [M+NH4]+ 378.1653, found 378.1649; [α]25D = -23.3 (c 0.16, CHCl3, 63% ee); 
Ee was determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3×2: 4.6×250 
mm, 254 nm UV detector, rt, eluent: 0.1% 2-propanol in hexane, flow rate: 0.25 mL/min, retention 
time: 84.34 min for major isomer and 81.37 min for minor isomer). 
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8-(2-Methylphenyl)dibenzo[b,l]fluoranthene (2aj) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.40). The title compound was obtained as a yellow 
solid; mp 159-162 °C; 1H NMR δ 8.74-8.73 (m, 1H), 8.55 (d, J = 8.1 Hz, 1H), 8.09-8.07 (m, 2H), 
7.87 (d, J = 8.2 Hz, 1H), 7.81-7.77 (m, 2H), 7.70-7.66 (m, 1H), 7.63-7.61 (m, 1H), 7.58-7.54 (m, 
1H), 7.51-7.46 (m, 2H), 7.42-7.40 (m, 2H), 7.24-7.21 (m, 1H), 6.85-6.84 (m, 2H), 2.06 (s, 3H); 13C 
NMR δ 141.3, 140.4, 138.5, 138.2, 137.2, 135.4, 134.9, 134.7, 134.6, 131.7, 131.6, 130.9, 130.9, 
130.6, 130.4, 129.3, 129.1, 128.9, 127.9, 127.5, 1273, 127.0, 126.8, 126.5, 126.1, 124.7, 122.8, 
121.9, 119.3, 119.2, 20.3; HRMS (DART, positive): m/z calcd. for C31H24N+ [M+NH4]+ 410.1903, 
found 410.1895; [α]25D = +10.3 (c 0.57, CHCl3, 33% ee); Ee was determined by HPLC analysis 
using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, eluent: 1% 
2-propanol in hexane, flow rate: 1 mL/min, retention time: 6.99 min for major isomer and 6.15 min 
for minor isomer). 
 
8-(2-Methylphenyl)dibenzo[b,k]fluoranthene (2ak) 
Isolated by PTLC (hexane/toluene = 4/1, Rf = 0.50). The title compound was obtained as a yellow 
solid; mp 92-94 °C; 1H NMR δ 8.74 (d, J = 8.1 Hz, 1H), 8.53 (d, J = 8.1 Hz, 1H), 8.29 (s, 1H), 8.12 
(d, J = 7.1 Hz, 1H), 7.87 (d, J = 8.1 Hz, 1H), 7.82 (dd, J = 7.6, 7.6 Hz, 1H), 7.70-7.66 (m, 1H), 
7.66-7.65 (m, 1H), 7.59-7.52 (m, 4H), 7.47 (dd, J = 7.3, 7.3 Hz, 1H), 7.43-7.33 (m, 3H), 6.98 (s, 
1H), 2.03 (s, 3H); 13C NMR δ 138.9, 137.8, 137.3, 137.1, 137.1, 134.9, 134.3, 134.0, 133.4, 133.4, 
132.2, 130.7, 130.6, 130.1, 129.3, 128.6, 128.5, 128.3, 127.9, 127.9, 127.1, 126.9, 126.8, 126.3, 
125.8, 123.3, 123.2, 121.6, 119.7, 119.4, 19.9; HRMS (DART, positive): m/z calcd. for C31H21+ 
[M+H]+ 393.1638, found 393.1629; [α]28D = -27.6 (c 0.70, CHCl3, 91% ee); Ee was determined by 
HPLC analysis using a chiral column (Daicel Chiralpak IA-3: 4.6×250 mm, 254 nm UV detector, rt, 
eluent: 1% THF in hexane, flow rate: 1 mL/min, retention time: 13.97 min for major isomer and 
11.47 min for minor isomer). 
 
8-(2-Methylphenyl)acephenanthryleno[4,5-b]thiophene (2am) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.70). The title compound was obtained as a yellow 
solid; mp 90-92 °C; 1H NMR δ 8.70-8.68 (m, 1H), 8.40 (d, J = 8.0 Hz, 1H), 7.74 (dd, J = 7.1, 0.7 
Hz, 1H), 7.70-7.65 (m, 2H), 7.64-7.62 (m, 1H), 7.52-7.49 (m, 1H), 7.49-7.43 (m, 2H), 7.41-7.34 (m, 
2H), 7.13 (d, J = 4.9 Hz, 1H), 6.25 (d, J = 4.9 Hz, 1H), 2.05 (s, 3H); 13C NMR δ 144.7, 143.5, 
137.6, 137.2, 134.9, 133.7, 133.5, 133.4, 130.7, 130.3, 130.3, 130.3, 128.4, 128.2, 128.1, 128.0, 
127.1, 127.1, 127.0, 126.1, 123.4, 121.3, 120.9, 119.5, 20.1; HRMS (DART, positive): m/z calcd. 
for C25H17S+ [M+H]+ 349.1045, found 349.1043; [α]24D = -12.9 (c 0.44, CHCl3, 97% ee); Ee was 
determined by HPLC analysis using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm 
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UV detector, rt, eluent: 0.1% 2-propanol in hexane, flow rate: 1 mL/min, retention time: 19.54 min 
for major isomer and 16.61 min for minor isomer). 
 
2,2'-((2,5-Dibromo-1,4-phenylene)bis(ethyne-2,1-diyl))bis(octylbenzene) (13) 
Isolated by PTLC (hexane, Rf = 0.50). The title compound was obtained as a yellow solid (>99%, 
Procedure F); mp 38-39 °C; 1H NMR δ 7.77 (s, 2H), 7.54 (dd, J = 7.6, 1.4 Hz, 2H), 7.31-7.28 (m, 
2H), 7.24 (dd, J = 7.6, 1.4 Hz, 2H), 7.19 (dd, J = 7.6, 1.4 Hz, 2H), 2.91-2.88 (m, 4H), 1.72-1.66 (m, 
4H), 1.43-1.25 (m, 20H), 0.87 (t, J = 6.9 Hz, 6H); 13C NMR δ 145.8, 136.2, 132.8, 129.4, 129.1, 
126.8, 125.9, 123.6, 121.8, 95.9, 90.2, 34.9, 32.1, 31.2, 29.8, 29.7, 29.5, 22.8, 14.3; HRMS (DART, 
positive): m/z calcd. for C38H4579Br2+ [M+H]+ 659.1883, found 659.1874. 
 
2,2'-((4,6-Dibromo-1,3-phenylene)bis(ethyne-2,1-diyl))bis(octylbenzene) (15) 
Isolated by PTLC (hexane, Rf = 0.50). The title compound was obtained as yellow oil (>99%, Pro-
cedure G); 1H NMR δ 7.89 (s, 1H), 7.69 (s, 1H), 7.54 (dd, J = 7.6, 1.5 Hz, 2H), 7.31-7.28 (m, 2H), 
7.23 (dd, J = 7.6, 1.5 Hz, 2H), 7.20-7.17 (m, 2H), 2.91-2.88 (m, 4H), 1.72-1.66 (m, 4H), 1.42-1.20 
(m, 20H), 0.85 (t, J = 6.8 Hz, 6H); 13C NMR δ 145.6, 136.7, 135.9, 132.7, 129.2, 129.1, 125.8, 
125.3, 125.0, 121.9, 94.5, 89.9, 34.9, 32.1, 31.1, 29.8, 29.7, 29.5, 22.8, 14.3; HRMS (DART, posi-
tive): m/z calcd. for C38H4579Br2+ [M+H]+ 659.1883, found 659.1870. 
 
1,1'-(((2,5-Dioctyl-1,4-phenylene)bis(ethyne-2,1-diyl))bis(2,1-phenylene))dibiphenylene (3a) 
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.60). The title compound was obtained as a yellow 
solid (51%, Procedure E); mp 129-131 °C; 1H NMR δ 7.62-7.60 (m, 2H), 7.46-7.45 (m, 2H), 
7.40-7.36 (m, 2H), 7.35-7.31 (m, 2H), 7.04 (dd, J = 8.4. 0.6 Hz, 2H), 6.98 (s, 2H), 6.82 (dd, J = 8.4, 
6.8 Hz, 2H), 6.73-6.69 (m, 2H), 6.66-6.63 (m, 6H), 6.56-6.54 (m, 2H), 2.60-2.57 (m, 4H), 
1.52-1.47 (m, 4H), 1.29-1.24 (m, 20H), 0.87 (t, J = 7.0 Hz, 6H); 13C NMR δ 151.9, 151.3, 151.2, 
149.9, 142.0, 139.9, 133.2, 132.4, 130.9, 129.8, 128.8, 128.5, 128.4, 128.3, 127.61, 122.6, 121.9, 
118.9, 117.1, 116.4, 93.3, 92.2, 34.0, 32.1, 30.7, 29.7, 29.7, 29.5, 22.9, 14.3 (a pair of peak at the 




Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.40). The title compound was obtained as a yellow 
solid (31%, Procedure F); mp 116-119 °C; 1H NMR δ 7.75 (s, 2H), 7.28 (dd, J = 7.7, 1.2 Hz, 2H), 
7.22-7.19 (m, 4H), 7.16-7.15 (m, 2H), 7.10-7.06 (m, 2H), 6.86 (dd, J = 8.4, 6.8 Hz, 2H), 6.76-6.72 
(m, 2H), 6.70-6.65 (m, 8H), 2.77-2.74 (m, 4H), 1.62-1.56 (m, 4H), 1.25-1.16 (m, 20H), 0.83 (t, J = 
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7.0 Hz, 6H); 13C NMR δ 151.7, 151.4, 151.3, 150.0, 145.2, 138.6, 133.5, 132.5, 129.8, 129.4, 128.8, 
128.6, 128.5, 128.5, 128.5, 125.7, 122.6, 121.8, 118.8, 117.3, 116.7, 93.8, 92.0, 34.7, 32.0, 30.9, 




Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.30). The title compound was obtained as yellow oil 
(60%, Procedure G); 1H NMR δ 7.89 (s, 1H), 7.55 (s, 1H), 7.28-7.26 (m, 2H), 7.22-7.19 (m, 2H), 
7.16-7.14 (m, 2H), 7.09-7.05 (m, 4H), 6.84 (dd, J = 8.4, 6.8 Hz, 2H), 6.73-6.70 (m, 2H), 6.67-6.63 
(m, 6H), 6.58-6.57 (m, 2H), 2.77-2.74 (m, 4H), 1.63-1.57 (m, 4H), 1.29-1.22 (m, 20H), 0.82 (t, J = 
7.1 Hz, 6H); 13C NMR δ 151.7, 151.3, 151.3, 150.0, 145.2, 139.6, 137.6, 132.5, 130.1, 129.4, 129.1, 
128.7, 128.6, 128.6, 128.5, 128.4, 125.6, 122.6, 121.5, 119.2, 117.2, 116.6, 93.0, 91.4, 34.6, 32.1, 
30.9, 29.7, 29.6, 29.5, 22.8, 14.2; HRMS (DART, positive): m/z calcd. for C62H62N+ [M+NH4]+ 
820.4877, found 820.4876. 
 
8,8'-((1R,4R)-2,5-Dioctyl-1,4-phenylene)bis(benzo[e]acephenanthrylene) (4a) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid; mp 101-103 °C; 1H NMR δ 8.81 (d, J = 8.0 Hz, 2H), 8.58 (d, J = 8.2 Hz, 2H), 8.08 (d, J = 7.0 
Hz, 2H), 8.00 (d, J = 7.5 Hz, 2H), 7.90 (d, J = 8.2 Hz, 2H), 7.85-7.82 (m, 2H), 7.78-7.75 (m, 2H), 
7.70-7.67 (m, 2H), 7.52 (s, 2H), 7.44 (dd, J = 7.3, 7.3 Hz, 2H), 7.38 (d, J = 7.6 Hz, 2H), 7.30 (dd, J 
= 7.4, 7.4 Hz, 2H), 2.48-2.36 (m, 4H), 1.31-1.28 (m, 4H), 1.02-0.98 (m, 4H), 0.94-0.75 (m, 16H), 
0.69 (t, J = 7.3 Hz, 6H); 13C NMR δ 141.1, 140.1, 139.1, 137.3, 137.1, 136.0, 134.5, 132.7, 132.1, 
131.7, 131.0, 128.4, 128.2, 128.0, 127.6, 127.5, 127.2, 127.1, 124.5, 123.4, 121.7, 121.4, 119.7, 
33.0, 31.7, 30.3, 29.1, 29.0, 22.6, 14.1 (a pair of peaks at the alkyl region was overlapped); HRMS 
(MALDI-TOF): m/z calcd. for C62H58+ [M]+ 802.4539, found 802.4528; [α]27D = -48.2 (c 0.13, 
CHCl3, 98% ee); Ee was determined by HPLC analysis using a chiral column (Daicel Chiralpak 
IB-3×2: 4.6×250 mm, 254 nm UV detector, rt, eluent: 3.5% EtOAc in hexane, flow rate: 1 mL/min, 
retention time: 32.21 min for major isomer and 23.28 min for minor isomer). 
 
(8R,17R)-8,17-Bis(2-octylphenyl)benzo[1,2-e:4,5-e']diacephenanthrylene (4b) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.25). The title compound was obtained as a yellow 
solid; mp 97-100 °C; 1H NMR δ 8.71 (d, J = 8.1 Hz, 2H), 8.45 (d, J = 8.2 Hz, 2H), 7.73-7.65 (m, 
8H), 7.61-7.59 (m, 4H), 7.53-7.49 (m, 4H), 7.40-7.39 (m, 2H), 7.01 (s, 2H), 2.39-2.37 (m, 4H), 
1.33-1.27 (m, 4H), 0.96-0.71 (m, 20H), 0.58 (t, J = 8.3 Hz, 6H); 13C NMR δ 142.0, 140.3, 138.6, 
137.4, 137.3, 136.0, 134.4, 132.8, 132.6, 130.8, 130.6, 129.8, 128.5, 128.4, 128.0, 127.3, 127.0, 
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126.9, 126.7, 123.2, 121.4, 119.2, 116.9, 33.4, 31.8, 30.2, 29.3, 29.1, 22.5, 14.1 (a pair of peaks at 
the alkyl region was overlapped); HRMS (MALDI-TOF): m/z calcd. for C62H58+ [M]+ 802.4539, 
found 802.4555; [α]27D = -185 (c 0.51, CHCl3, >99% ee); Ee was determined by HPLC analysis 
using a chiral column (Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, eluent: 1% 
2-propanol in hexane, flow rate: 0.5 mL/min, retention time: 11.56 min for major isomer and 9.99 
min for minor isomer). 
 
meso-8,17-Bis(2-octylphenyl)benzo[1,2-e:4,5-e']diacephenanthrylene (4b-meso) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.55). The title compound was obtained as a yellow 
solid; mp 106-107 °C; 1H NMR δ 8.72 (d, J = 8.1 Hz, 2H), 8.47 (d, J = 8.0 Hz, 2H), 7.73 (dd, J = 
8.0, 7.1 Hz, 2H), 7.70-7.66 (m, 6H), 7.62-7.60 (m, 4H), 7.54-7.49 (m, 4H), 7.40-7.39 (m, 2H), 7.02 
(s, 2H), 2.42-2.32 (m, 4H), 1.33-1.29 (m, 4H), 0.94-0.72 (m, 20H), 0.60 (t, J = 7.2 Hz, 6H); 13C 
NMR δ 142.1, 140.3, 138.6, 137.4, 137.3, 135.9, 134.4, 132.8, 132.6, 130.8, 130.6, 129.8, 128.5, 
128.3, 128.0, 127.3, 127.0, 126.9, 126.6, 123.2, 121.4, 119.1, 116.9, 33.4, 31.8, 30.2, 29.2, 29.2, 
29.0, 22.5, 14.1; HRMS (MALDI-TOF): m/z calcd. for C62H58+ [M]+ 802.4539, found 802.4574. 
 
(8R,10R)-8,10-Bis(2-octylphenyl)benzo[1,2-e:5,4-e']diacephenanthrylene (4c) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.50). The title compound was obtained as yellow 
oil; 1H NMR δ 8.69-8.67 (m, 2H), 8.53-8.51 (m, 3H), 8.15 (d, J = 7.1 Hz, 2H), 7.83 (dd, J = 8.0, 
7.1 Hz, 2H), 7.63-7.59 (m, 2H), 7.56-7.53 (m, 2H), 7.40-7.37 (m, 2H), 7.33-7.32 (m, 2H), 
7.23-7.20 (m, 2H), 7.09-7.04 (m, 5H), 2.30-2.24 (m, 2H), 2.18-2.12 (m, 2H), 1.25-1.21 (m, 4H), 
0.91-0.81 (m, 20H), 0.61 (t, J = 7.2 Hz, 6H); 13C NMR δ 141.4, 141.3, 138.5, 136.9, 136.5, 135.1, 
132.8, 132.7, 130.5, 129.9, 129.8, 129.3, 128.3, 128.0, 127.4, 126.9, 126.8, 126.1, 122.8, 121.5, 121.0, 
119.1, 114.8, 33.5, 31.8, 30.5, 29.9, 29.3, 29.2, 29.0, 22.6 (a pair of peaks at the aromatic region was 
overlapped); HRMS (MALDI-TOF): m/z calcd. for C62H58+ [M]+ 802.4539, found 802.4513; [α]28D 
= -41.2 (c 0.15, CHCl3, >99% ee); Ee was determined by HPLC analysis using a chiral column 
(Daicel Chiralpak IB-3: 4.6×250 mm, 254 nm UV detector, rt, eluent: 1% 2-propanol in hexane, 




Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.25). The title compound was obtained as yellow 
oil; 1H NMR δ 8.68 (d, J = 7.8 Hz, 2H), 8.52-8.50 (m, 3H), 8.14 (d, J = 7.0 Hz, 2H), 7.82 (dd, J = 
8.0, 7.2 Hz, 2H), 7.62-7.59 (m, 2H), 7.56-7.52 (m, 2H), 7.40-7.36 (m, 2H), 7.32 (d, J = 7.7 Hz, 2H), 
7.23-7.20 (m, 2H), 7.11-7.06 (m, 4H), 7.02 (s, 1H), 2.26-2.20 (m, 2H), 2.15-2.08 (m, 2H), 
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1.25-1.18 (m, 4H), 1.00-0.74 (m, 20H), 0.68 (t, J = 7.3 Hz, 6H); 13C NMR δ 141.3, 141.2, 138.6, 
136.8, 136.3, 136.0, 135.2, 132.7, 130.6, 129.8, 129.5, 129.4, 128.3, 128.0, 127.4, 126.9, 126.8, 
126.4, 122.8, 121.5, 120.7, 119.1, 113.8, 33.5, 31.8, 30.6, 29.5, 29.1, 29.0, 22.6, 14.2 (a pair of 
peaks at the aromatic region was overlapped); HRMS (MALDI-TOF): m/z calcd. for C62H58+ [M]+ 
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Dual C-C Bond Cleavage of Biphenylenes with a Pendant Alkyne  





















Gold-catalyzed reactions have emerged as a robust strategy for the functionalization of C-C triple 
bonds.1 Whilst the main-group Lewis acids, such as aluminium chloride and borane trifluoride, are 
generally coordinated by lone-pairs of heteroatoms, gold complexes as transition-metal Lewis acids 
can activate C-C triple bonds by the π-coordination. Particularly, intramolecular hydroarylation to 
alkyne has been investigated to construct polycyclic hydrocarbons with perfect atom-economy under 
ambient conditions.2 In 2004, Echavarren and co-workers reported an intramolecular hydroarylation 
of N-propargyl-N-tosylanilines (Scheme 1).2a Cationic gold species generated in situ from 
AuMe(PPh3) and HBF4 realized hydroarylation at room temperature. 
 
Scheme 1. Au-catalyzed intramolecular hydroarylation 
  
 
The gold-catalyzed protocol can be used for the synthesis of highly conjugated aromatic com-
pounds. In 2011, Echavarren and co-workers synthesized decacyclene derivatives via consecutive 
hydroarylations and subsequent aromatization (Scheme 2).2d The substrate possessing three (propyn-
2-yl)fluorene moieties is cyclized via 6-endo-dig manner and subsequent DDQ oxidation gives a 
decacyclene derivative. 
 



























1) [{(ArO)3P}Au(PhCN)]SbF6 (15 mol%)
DCM, rt, 7 h
2) DDQ, toluene, reflux
72%
 Ar = 2,4-(t-Bu)2-C6H3
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In 2017, Alcarazo and co-workers reported an enantioselective double hydroarylation for the syn-
thesis of [6]helicenes at low temperature (Scheme 3).2g The cationic phosphine ligand acts as a strong 
π-acceptor and enhanced π-acidity of gold catalyst to increase reactivity. 
 
Scheme 3. Au-catalyzed enantioselective double hydroarylation 
 
 
In addition to the reactivity of gold complexes as π-acids, oxidative addition of C-C bond of bi-
phenylene by a gold(I) complex also proceeds to give a gold(III) species.3 In 2015, Toste and co-
workers reported C-C bond cleavage of biphenylene by using a stoichiometric amount of Au-NHC 
complex at ambient temperature for the preparation of an organometallic compound (Scheme 4).3a 
 
Scheme 4. Synthesis of an Au(III) complex via C-C bond activation of biphenylene 
  
 
With this in mind, a new catalytic reaction of biphenylenes with a pendant alkyne in the presence 
of gold catalysts was investigated. Gold complexes could be expected to realize C-C bond cleavage 
at ambient temperature in a catalytic fashion.4 Generally, the C-C bond cleavage requires high tem-
perature because of the high activation energy of either the oxidative addition of C-C bond or reduc-
tive elimination to form a new C-C bond. While some transition-metal complexes were reported to 























up to 98% yield
up to 99% ee
(L1)AuCl (10 mol%)
AgSbF6 (10 mol%)
THF, -20 °C, 16 h
IPrAuCl
(2.3 equiv)
 AgSbF6 (1.1 equiv)
DCM, rt, 3 h
+









“metal-catalyzed” reaction including C-C bond activation of biphenylene at ambient temperature has 
never been reported.  
 
Results and Discussion 
The author chose 1aa as a model substrate for gold-catalyzed intramolecular reaction (Scheme 5). 
If the C-C bond cleavage and alkyne insertion proceeded, the [4+2] cycloadduct would be afforded 
as described in Chapter 4. When hydroarylation proceeded prior to C-C bond cleavage, the hydroary-
lated product would be obtained. When the combination of AuCl(PPh3) and AgSbF6 was used as a 
catalyst, alkyne 1aa was completely consumed at room temperature. Surprisingly, the major product 
was neither the [4+2] cycloadduct nor the hydroarylated product. The structure of the unexpected 
product 2aa was finally determined by X-ray single-crystal diffraction (Figure 1). The formation of 
compound 2aa from 1aa involves two C-C bond cleavages of biphenylene and arylalkyne moieties. 
This reaction is the first example of catalytic transformation involving double C-C single bond cleav-
age at ambient temperature. 
 
Scheme 5. Initial investigation 
 
 
Figure 1.ORTEP diagram of 2aa 
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To increase the yield of unexpected product 2aa, several cationic gold catalysts were investigated 
in DCE at ambient temperature (Table 1). First, a series of various ligands for Au(I) complex were 
tested: electron-deficient phosphine ligands P(C6F5)3 and P(p-CF3C6H4)3 gave better results than PPh3 
(entries 1-3). When more π-acidic P(OMe)3 was used,5 the reaction proceeded to give desired product 
in a moderate yield (entry 4). On the other hand, a bulky and an electron-rich JohnPhos ligand pro-
vided hydroarylated cycloadduct 3aa as a major product along with a small amount of desired product 
2aa (entry 5). The coordination of sulfur shut the catalytic activity of gold catalyst (entry 6) and 
ligand-free cationic Au(I) salt gave almost the same result (entry 7). Gratifyingly, ligand-free cationic 
Au(III) salt gave the best results: substrate 1aa was consumed within 2.5 h and the yield of 2aa 
dramatically increased to more than 90% and only a few amounts of 3aa were obtained (entry 8). In 
contrast, cationic Pt(II) or Ag(I) salt gave showed low reactivity (entries 9, 10).  
 
Table 1. Screening of catalysts[a] 
 
entry catalyst yield of 2aa / % yield of 3aa / % yield of 4aa / % 
1 AuCl(PPh3) 54 30 trace 
2 AuCl[P(C6F5)3] 73 9 ND 
3 AuCl[P(p-CF3C6H4)3] 63 22 ND 
4 AuCl[P(OMe)3] 67 24 ND 
5 AuCl(johnphos) 9 87 ND 
6 AuCl(SMe2) 3 ND ND 
7 AuCl 9 ND trace 
8[b] AuCl3 92 3 ND 
9[c] PtCl2 2 ND 3 
10 - trace ND 6 
[a] 1aa (0.05 mmol), catalyst (0.005 mmol), AgSbF6 (0.005 mmol), DCE (0.5 mL). Yield was determined by 1H NMR 
using 1,3,5-trimethoxybenzene as an internal standard. [b] The amount of AgSbF6 was 30 mol% and the reaction time 
was 2.5 h. A mixture of 2aa, 3aa and 4aa was obtained and their ratio was determined by 1H NMR. [c] The amount of 












The effect of counter anions was then investigated (Table 2). AgOTf and AgNTf2 gave the product 
2aa, but the yields were lower than that of AgSbF6 (entries 1-3). On the contrary, the yields were low 
in the presence of AgPF6 or AgBF4 (entries 4 and 5). The loading of the silver salt was also investi-
gated: when it was decreased to 20 mol% (ratio of AuCl3 and AgSbF6 was 1:2) a yield of 68% was 
achieved (entry 6). In the presence of 10 mol% of Ag salt, almost no reaction proceeded at room 
temperature, however, the reaction proceeded at the elevated temperature of 50 °C to give 2aa in a 
high yield (entry 7). In the absence of the silver salt, most of substrate was recovered and the yield 
was low even at the high temperature confirming that cationic Au species were required for high 
catalytic activity. Finally, a 1:3 mixture of AuCl3 and AgSbF6 was chosen as the optimum catalyst 
system. 
 
Table 2. Evaluation of silver anions[a] 
 
entry Ag salt (X) time / h yield of 2aa / % yield of 3aa / % yield of 4aa / % 
1 AgSbF6 (30) 2.5 92 3 ND 
2 AgOTf (30) 1 70 1 trace 
3 AgNTf2 (30) 24 83 3 trace 
4[b] AgPF6 (30) 24 13 ND trace 
5[b] AgBF4 (30) 24 13 1 trace 
6[b] AgSbF6 (20) 4 68 3 1 
7[b] AgSbF6 (10) rt 7 h, then 50 °C 17 h 78 ND 4 
8[b] none rt 7 h, then 50 °C 17 h 8 ND 3 
 [a] 1aa (0.05 mmol), AuCl3 (0.005 mmol), AgSbF6 (0.0005X mmol), DCE (0.5 mL). A mixture of 2aa, 3aa and 4aa 
was obtained and their ratio was determined by 1H NMR. [b] Yield was determined by 1H NMR using 1,3,5-trimethox-
ybenzene as an internal standard. 
 
Furthermore, various solvents were screened under the optimum catalytic system (Table 3). Chlo-
rinate solvents, such as DCM and PhCl, gave the product in high yields, albeit lower than DCE (en-
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(entry 4). The reaction gave only a trace amount of the product in THF, probably because the coor-
dination of oxygen to the metal center deactivated the catalyst. In contrast, a moderate yield was 
achieved in bulkier etherate solvent, CPME (entries 5 and 6). Strongly coordinating MeCN was in-
efficient for the reaction (entry 7). Reduced catalyst loading (2.5 mol% of AuCl3 and 7.5 mol% of 
AgSbF6) still gave a high yield with a prolonged reaction time (entry 8).  
 
Table 3. Screening of solvents and amounts of the catalyst[a] 
 
entry solvent time / h yield of 2aa / % yield of 3aa / % yield of 4aa / % 
1[b] DCE 2.5 92 3 ND 
2 DCM 3 75 2 trace 
3 PhCl 3 83 4 trace 
4 toluene 24 16 ND trace 
5 THF 24 trace ND ND 
6 CPME 24 32 5 trace 
7 MeCN 24 4 ND trace 
8[b,c] DCE 28 90 5 ND 
[a] 1aa (0.05 mmol), AuCl3 (0.005 mmol), AgSbF6 (0.015 mmol), DCE (0.5 mL). Yield was determined by 1H NMR 
using 1,3,5-trimethoxybenzene as an internal standard. [b] The mixture of 2aa, 3aa and 4aa was obtained and their ratio 
was determined by 1H NMR. [c] 1aa (0.2 mmol), catalyst (0.005 mmol, 2.5 mol%), AgSbF6 (0.015 mmol, 7.5 mol%), 
DCE (2.0 mL). 
 
The generality of this methodology was investigated and a substrate scope of arylene-tethers was 
tested (Table 4). When a fluorine atom was installed at the C3-position, an elevated temperature was 
needed to consume starting material, and 2ab was obtained in a moderate yield along with 15% of 
3ab and 4% of 4ab. Various substituents were tolerant at the C4-position to give corresponding prod-
ucts 2ac-2ae in high yields without formation of the by-products 3 or 4. The reaction of fluorine-
substituted substrate 1af at the C4-position gave the product 2af as a sole product in a high yield. 












was required. Although hydroarylated product 3ag was not detected at all, comparable amounts of 
desired product 2ag and formal [4+2] cycloadduct 4ag were obtained at 70 °C in a moderate total 
yield. 
 
Table 4. Substrate scope (arylene-tethers)[a] 
 
[a] 1 (0.05 mmol), AuCl3 (0.005 mmol), AgSbF6 (0.015 mmol), DCE (0.5 mL). A mixture of 2, 3 and 4 was obtained and 
their ratio was determined by 1H NMR. [b] The reaction was conducted at 70 °C. 
 
The scope of substituent on the alkyne terminus was evaluated (Table 5). Firstly, various substit-
uents on the phenyl ring were examined. When substrates possessing methyl or methoxy group at the 
para-position were used, the reaction proceeded to afford corresponding products 2ba-2ca along with 
slight amounts of hydroarylated products 3ba-3ca. Although para-CF3 group gave a mixture of 2da 
and 4da, para-chloro group was afforded 2ea as a sole product. 4-Biphenyl on the alkyne terminus 
could be used for the reaction, and compound 2fa was obtained in a good yield. The reaction of meta-
CF3-substituted compound 1ga proceeded smoothly, and the mixture of 2ga and 4ga was obtained. 
These results mean that the p-basicity of alkyne moiety is important and the presence of a strong 
electron-withdrawing group results in formation of by-products 4. meta-Methyl substrate 1ha was 
completely consumed at 70 °C, but the yield of desired product 2ha was low. The low reactivity of 
ortho-methyl substrate 1ia was likely due to a steric effect. Therefore, this reaction needs higher 
temperature and around 1:1 mixture of 2ia and 4ia was obtained. While substrate 1ja possessing 2-
naphthyl group on the alkyne terminus was consumed, the yield of product 2ja was low. In addition 
to aryl group, primary alkyl group could be used for the reaction to afford product 2ka in a high yield 
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yield as a separable by-product. Although TMS-substituted and terminal alkyne substrates were con-
sumed completely under the reaction conditions, any of cycloadducts could not be detected.  
 
Table 5. Substrate scope (Substituent on the alkyne termini) [a] 
 
[a] 1 (0.05 mmol), AuCl3 (0.005 mmol), AgSbF6 (0.015 mmol), DCE (0.5 mL). A mixture of 2, 3 and 4 was obtained and 
their ratio of each compounds was determined by 1H NMR. [b] The reaction was conducted at 70 °C. 
 
To further probe the cleavage of C(sp)-C(sp2) bond of arylalkynes moiety, a 13C-labelled substrate 
1aa-13C was used (Scheme 6). The reaction of 1aa-13C smoothly proceeded under the optimal reac-
tion conditions and the 13C-containing product 2aa-13C was obtained in a high yield. The incorpora-
tion of 13C was observed only to the formed five-membered ring. It means that the C-C bond cleavage 
of biphenylene at the sterically more hindered site as well as the cleavage of C-C bond between 











































Scheme 6. 13C-labelling experiment 
 
 
The plausible mechanism via π-activation was shown in Figure 2. Cycloisomerization involving 
skeletal rearrangement or hydroarylation could be controlled by the choice of catalyst. The first in-
termediate Int1 is common for both transformations. Following skeletal rearrangement and intramo-
lecular cyclization of alkyne with quaternary carbon at the C8b-position of biphenylene give the 
arenium cation intermediate Int2. Next, the C-C bond of four-membered ring in Int2 is cleaved via 
ring expansion driven by the release of ring strain. 1,2-Phenyl migration of Int3 proceeds along with 
C-C bond cleavage, and deauration affords the product 2ah with the regeneration of gold catalyst. In 
contrast, intramolecular cyclization at tertiary carbon of the C2-position of biphenylene occurs and 















Figure 2. Plausible reaction mechanisms of skeletal rearrangement and hydroarylation 
 
As model experiments for DFT calculations, the reactions of 2ah in the presence of 
AuCl(johnphos) and AuCl[P(OMe)3] were examined, respectively (Scheme 7). Concerning JohnPhos 
as a ligand, 2ah and 3ah were obtained in 6% and 79% yields, respectively, and the difference of 
activation energy of skeletal rearrangement and hydroarylation was estimated to be 1.5 kcal/mol by 
Boltzmann distribution.6 When P(OMe)3 was used as a ligand, the skeletal-rearranged product 2ah 
was obtained in 63% yield as a major product along with the formation of hydroarylated product 3ah 



































Scheme 7. The reaction of 2ah by Au(johnphos)+ or Au[P(OMe)3] + 
    
 
Further DFT calculations of the reaction mechanism by gold-JohnPhos system gave the energy 
diagram below (Figure 3). Firstly, the coordination of 2ah to cationic gold catalyst is exothermic to 
form Int1-J as a common intermediate for both skeletal rearrangement and hydroarylation. In terms 
of skeletal rearrangement, intramolecular cyclization via TS1-J (ΔΔG = 18.7 kcal/mol from meta-
stable state Int1-J) proceeds to give Int2-J. The ring expansion step via TS2-J (ΔΔG = 24.3 kcal/mol 
from metastable state Int1-J) is significantly exothermic because of the release of ring strain to form 
Int3-J. 1,2-Phenyl shift readily proceeds to afford the coordination complex of gold catalyst with 
2ah. These DFT calculations rationalize the mechanism of skeletal rearrangement shown in Figure 2 
and the rate-determining step seems to be ring expansion step via TS2-J (24.3 kcal/mol). In contrast, 
intramolecular cyclization via TS1’-J (ΔΔG = 22.2 kcal/mol from Int1-J) proceeds to afford Int2’-
J for hydroarylation. Since the relative energy of TS2’-J is lower than that of TS1’-J (-0.4 kcal/mol 
for TS2’-J vs 0.7 kcal/mol for TS1’-J), the first 1,2-proton shift smoothly proceeds to give stable 
intermediate Int3’-J. The activation energy of second 1,2-proton shift is only 5.4 kcal/mol. Therefore, 
Int4’-J is spontaneously generated. Thus, the rate-determining step of hydroarylation seems to be 
intramolecular cyclization via TS1’-J and the activation energy ΔΔG from metastable state Int1-J is 
22.2 kcal/mol. In conclusion, hydroarylation is more favorable than skeletal rearrangement in the 
presence of gold-JohnPhos system (22.2 kcal/mol for hydroarylation (TS1’-J) vs 24.3 kcal/mol for 
skeletal rearrangement (TS2-J)) and these results were accorded with experimental results in Scheme 
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Figure 3. Energy diagram of the reaction by Au(johnphos)+ 
 
In the other case, the energy diagram of Au[P(OMe)3]+ is very similar with that of Au(johnphos)+ 
(Figure 4). Remarkably, there is almost no difference between the highest activation energy of skel-
etal rearrangement and hydroarylation (22.1 kcal/mol for skeletal rearrangement (ΔΔG of TS2-P 
from Int1-P) vs 22.0 kcal/mol for hydroarylation (ΔΔG of TS1’-P from Int1-P)). These results also 
rationalize the experimental results (Scheme 7; 0.1 kcal/mol from calculations and 0.65 kcal/mol 
from an experiment). It should be noted that the activation energy of TS2-P in gold-P(OMe)3 is lower 
than that of TS2-J in gold-JohnPhos system (22.1 kcal/mol for ΔΔG of TS2-P vs 24.3 kcal/mol for 
ΔΔG of TS2-J). This is because alkenylgold moiety of Int2-P is more electron-deficient to enhance 
electron transfer as a good Michael acceptor at the stage of ring expansion. On the other hand, the 
activation energy of TS1’-P is the almost same as that of TS1’-J (22.0 kcal/mol for ΔΔG of TS1’-P 
vs 22.2 kcal/mol for ΔΔG of TS2’-J). Since the combination of AuCl3 and AgSbF6 gives much more 
electron-deficient species, it is reasonable that the skeletal rearrangement is the dominant pathway 











































































Figure 4. Energy diagram of the reaction by Au[P(OMe)3]+ 
 
Conclusion  
Gold-catalyzed skeletal rearrangement of biphenylenes possessing a pendant alkyne via the double 
C-C bond cleavage at ambient temperature was investigated. Electron-deficient cationic gold catalyst 
had much higher catalytic activity for skeletal rearrangement than hydroarylation or formal [4+2] 
cycloaddition. In the reaction pathway, sterically more hindered C-C bond of biphenylene was 
cleaved via ring expansion of a highly strained arenium cation. Moreover, another C-C bond cleavage 
proceeded via 1,2-migration of aryl group. The reaction mechanisms of skeletal rearrangement and 
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Experimental Section  
A) General information 
1H NMR spectra were recorded with JEOL ECX-500 (500 MHz) spectrometer. Chemical shift 
values for protons are reported in parts per million (δ) relative to internal standard tetramethylsilane 
(0.00 ppm). 13C NMR spectra were obtained by JEOL ECX-500 (125 MHz) spectrometers and ref-
erenced to the internal solvent signals (central peak is 77.16 ppm in CDCl3). 19F NMR spectra were 
obtained by JEOL ECX-500 (470.5 MHz) spectrometers and referenced to the external standard tri-
fluoroacetic acid (76.55 ppm). Data are presented as follows: chemical shift, multiplicity (s = singlet, 
d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets), coupling constant in Hz, 
and area integration. HRMS were measured with a direct analysis in real time DART-orbitrap mass 
spectrometer7. X-ray structure was obtained by a Rigaku R-AXIS RAPID diffractometer. PTLC was 
performed with silica gel-precoated glass plates (Merck 60 GF254) prepared in author’s laboratory. 
All reagents were weighed and handled in air and backfilled under argon at room temperature. All 
reactions were performed under an argon atmosphere. Unless otherwise noted, organic compounds 
and solvents were purchased from Tokyo Kasei Co., Aldrich Inc., and other commercial suppliers 
and were used without further purification. Compounds 1 were synthesized by using the same pro-
cedure with Chapter 3 and 4. 
 
B) Experimental procedures   
General procedure for gold-catalyzed skeletal rearrangement 
AuCl3 (0.005 mmol), AgSbF6 (0.015 mmol), and 1 (0.05 mmol) were placed in a Schlenk tube, which 
was then evacuated and backfilled with argon (x3). To the reaction vessel was added dehydrated DCE 
(0.5 mL, pretreated by argon bubbling for 30 sec). The solution was then stirred at room temperature 
and, after 1 was completely consumed as judged by TLC, the solvent was evaporated to dryness. The 
obtained crude products were purified by PTLC to give products 2.  
 
C) Computational details 
All calculations were performed using the Gaussian 16 package.8 Geometry optimizations was car-
ried out at the B97D9 level of theory with a mixed basis set of SDD10 for Au atom and 6-31G(d,p) 
for other atoms. Vibration frequency was computed at the same level of theory to confirm whether 
the structures are minima (no imaginary frequencies) or transition states (only one imaginary fre-
quency). Energies of optimized structures were calculated by single point calculation at the M0611 
level of theory with solvation effects (dichloroethane, ε = 10.125000) with a mixed basis set of def2-
TZVPPD12 for Au atom and 6-311G++(d,p) for other atoms using IEFPCM model.13 The molecular 
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geometries of the transition states were first estimated by the Reaction plus Pro software package 
(Software to optimize reaction paths along the user’s expected ones, HPC Systems Inc., 
http://www.hpc.co.jp/chem/react1.html (written in Japanese)), based on the nudged elastic band 
(NEB) method,14 and subsequently re-optimized by the Synchronous Transit-guided Quasi-Newton 
method with the keyword QST2 or QST3.15 Transition-state structures were confirmed to connect 
corresponding reactants and products through the use of intrinsic reaction coordination (IRC) calcu-
lations.16  
 
D) Total electronic energy and free energy with solvation effects (dichloroethane, ε = 
10.125000) using SMD model 
 
Table 6. Total energy E and Gibbs free energy G of 1ah at 298K 
 E (Hartree) G (Hartree) 
1ah -999.74079 -999.468894 
 
Table 7. Total energies E and Gibbs free energies G of Au-JohnPhos system at 298K 
 E (Hartree) G (Hartree)  E (Hartree) G (Hartree) 
Au(johnphos) -1254.950187 -1254.592283 Int1-J -2254.690977 -2254.095449 
TS1-J -2254.718300 -2254.065666 TS1’-J -2254.749233 -2254.060135 
Int2-J -2254.733371 -2254.076352 Int2’-J -2254.714357 -2254.073384 
TS2-J -2254.713553 -2254.056747 TS2’-J -2254.729356 -2254.061790 
Int3-J -2254.815958 -2254.153168 Int3’-J -2254.716353 -2254.098432 
TS3-J -2254.807127 -2254.144966 TS3’-J -2254.758337 -2254.089919 
Int4-J -2254.886323 -2254.221165 Int4’-J -2254.744881 -2254.151593 
 
Table 8. Total energies E and Gibbs free energies G of Au-P(OMe)3 system at 298K 
 E (Hartree) G (Hartree)  E (Hartree) G (Hartree) 
Au[P(OMe)3] -822.301108 -822.212974 Int1-P -1822.097959 -1821.714982 
TS1-P -1822.065168 -1821.684589 TS1’-P -1822.059869 -1821.679942 
Int2-P -1822.084869 -1821.701347 Int2’-P -1822.082372 -1821.699039 
TS2-P -1822.063266 -1821.679822 TS2’-P -1822.065475 -1821.684362 
Int3-P -1822.166901 -1821.777994 Int3’-P -1822.106574 -1821.722124 
TS3-P -1822.158154 -1821.769900 TS3’-P -1822.093488 -1821.712051 
Int4-P -1822.231193 -1821.843414 Int4’-P -1822.154420 -1821.768637 
Dual C-C Bond Cleavage of Biphenylenes with a Pendant Alkyne at Ambient Temperature by a Gold 
Catalyst 
 173 
E) Characterization data for new compounds 
1-(5-Chloro-2-(phenylethynyl)phenyl)biphenylene (1aa)  
Isolated by flash column chromatography (hexane, Rf = 0.40). The title compound was obtained as 
a yellow solid; mp 113-114 °C; 1H NMR δ 7.56 (d, J = 8.3 Hz, 1H), 7.46 (d, J = 2.2 Hz, 1H), 7.32-
7.22 (m, 6H), 7.05 (dd, J = 8.4, 0.6 Hz, 1H), 6.85 (dd, J = 8.4, 6.8 Hz, 1H), 6.77-6.73 (m, 1H), 6.70-
6.66 (m, 3H), 6.60-6.58 (m, 1H); 13C NMR δ 151.6, 151.3, 151.2, 150.2, 141.6, 134.4, 134.3, 131.6, 
129.5, 129.3, 128.8, 128.6, 128.6, 128.5, 128.5, 128.4, 127.8, 123.2, 120.1, 119.1, 117.4, 116.8, 93.8, 
88.1; HRMS (DART, positive): m/z calcd. for C26H19ClN+ [M+NH4]+ 380.1201, found 380.1190. 
 
1-(3-Fluoro-2-(phenylethynyl)phenyl)biphenylene (1ab)  
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid; mp 68-69 °C; 1H NMR δ 7.37-7.32 (m, 3H), 7.27-7.23 (m, 4H), 7.13-7.09 (m, 1H), 7.06 (dd, J 
= 8.4, 0.6 Hz, 1H), 6.85 (dd, J = 8.4, 6.8 Hz, 1H), 6.76-6.73 (m, 1H), 6.70-6.66 (m, 3H), 6.59-6.58 
(m, 1H); 13C NMR δ 163.4 (d, J = 250.9 Hz), 151.7, 151.3, 151.2, 150.1, 142.3 (d, J = 1.2 Hz), 131.7, 
129.7 (d, J = 2.7 Hz), 129.5, 129.4 (d, J = 8.8 Hz), 128.6, 128.5 (d, J = 2.1 Hz), 128.4, 128.3, 124.3 
(d, J = 3.4 Hz), 123.2, 119.1, 117.3, 116.7, 114.5 (d, J = 21.5 Hz), 110.7 (d, J = 16.4 Hz), 98.4 (d, J 
= 4.1 Hz), 82.1 (a pair of peaks at the aromatic region was overlapped); 19F NMR δ -108.42; HRMS 
(DART, positive): m/z calcd. for C26H16F+ [M+H]+ 347.1231, found 347.1225. 
 
1-(4-Fluoro-2-(phenylethynyl)phenyl)biphenylene (1ac)  
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.55). The title compound was obtained as a yellow 
solid; mp 88-89 °C ; 1H NMR δ 7.40 (dd, J = 8.6, 5.8 Hz, 1H), 7.33 (dd, J = 9.2, 2.6 Hz, 1H), 7.30-
7.21 (m, 5H), 7.10-7.06 (m, 1H), 7.01 (d, J = 8.4 Hz, 1H), 6.83 (dd, J = 8.4, 6.8 Hz, 1H), 6.72 (dd, J 
= 7.0, 0.9 Hz, 1H), 6.68-6.64 (m, 3H), 6.56-6.54 (m, 1H); 13C NMR δ 161.8 (d, J = 247.7 Hz), 151.8, 
151.2, 151.2, 149.9, 136.4 (d, J = 3.3 Hz), 131.7, 130.4 (d, J = 8.6 Hz), 129.8, 129.6, 128.6, 128.5, 
128.4, 128.4, 128.4, 123.3 (d, J = 9.8 Hz), 123.0, 119.4 (d, J = 22.7 Hz), 118.9, 117.3, 116.5, 116.0 
(d, J = 21.5 Hz), 93.8, 88.0 (d, J = 3.0 Hz); 19F NMR δ -114.55; HRMS (DART, positive): m/z calcd. 
for C26H19FN+ [M+NH4]+ 364.1496, found 364.1492. 
 
1-(4-Chloro-2-(phenylethynyl)phenyl)biphenylene (1ad) 
Isolated by flash column chromatography (hexane/DCM = 4/1, Rf = 0.50). The title compound was 
obtained as a yellow solid; mp 115-116 °C; 1H NMR δ 7.63 (dd, J = 2.1, 0.4 Hz, 1H), 7.40-7.38 (m, 
1H), 7.35 (dd, J = 8.3, 2.1 Hz, 1H), 7.30-7.22 (m, 5H), 7.02 (dd, J = 8.4, 0.7 Hz, 1H), 6.84 (dd, J = 
8.5, 6.8 Hz, 1H), 6.75-6.72 (m, 1H), 6.69-6.65 (m, 3H), 6.57-6.55 (m, 1H); 13C NMR δ 151.7, 151.2, 
151.2, 150.0, 138.6, 133.4, 132.6, 131.7, 130.0, 129.7, 129.4, 128.8, 128.6, 128.5, 128.5, 128.5, 128.4, 
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123.2, 123.0, 119.0, 117.3, 116.6, 94.1, 87.8; HRMS (DART, positive): m/z calcd. for C26H19ClN+ 
[M+NH4]+ 380.1201, found 380.1198. 
 
1-(4-Methoxy-2-(phenylethynyl)phenyl)biphenylene (1ae) 
Isolated by flash column chromatography (hexane/EtOAc = 9/1, Rf = 0.65). The title compound was 
obtained as a yellow solid; mp 96-97 °C; 1H NMR δ 7.38 (d, J = 8.6 Hz, 1H), 7.32-7.30 (m, 2H), 
7.26-7.24 (m, 3H), 7.15 (d, J = 2.8 Hz, 1H), 7.06 (d, J = 8.4 Hz, 1H), 6.96 (dd, J = 8.7, 2.6 Hz, 1H), 
6.82 (dd, J = 8.5, 6.8 Hz, 1H), 6.73-6.70 (m, 1H), 6.67-6.62 (m, 3H), 6.57 (d, J = 6.8 Hz, 1H), 3.87 
(s, 3H); 13C NMR δ 158.9, 152.1, 151.3, 151.1, 149.6, 132.9, 131.6, 130.6, 130.0, 129.8, 128.4, 128.3, 
128.3, 128.2, 123.4, 122.5, 118.8, 117.2, 117.1, 116.1, 115.6, 92.7, 89.1, 55.6 (a pair of peaks at the 
aromatic region was overlapped); HRMS (DART, positive): m/z calcd. for C27H22NO+ [M+NH4]+ 
376.1696, found 376.1692. 
 
1-(5-Fluoro-2-(phenylethynyl)phenyl)biphenylene (1af)  
Isolated by PTLC (hexane/DCM = 9/1, Rf = 0.45). The title compound was obtained as a yellow 
solid; mp 91-92 °C ; 1H NMR δ 7.62 (dd, J = 8.6, 5.8 Hz, 1H), 7.28 (dd, J = 7.5, 2.2 Hz, 2H), 7.26-
7.23 (m, 3H), 7.18 (dd, J = 9.5, 2.7 Hz, 1H), 7.07-7.02 (m, 2H), 6.85 (dd, J = 8.4, 6.8 Hz, 1H), 6.76-
6.73 (m, 1H), 6.70-6.66 (m, 3H), 6.61-6.59 (m, 1H); 13C NMR δ 162.5 (d, J = 250.0 Hz), 151.6, 
151.3, 151.2, 150.1, 142.4 (d, J = 8.3 Hz), 135.0 (d, J = 8.6 Hz), 131.5, 129.7, 129.7, 129.3, 128.6, 
128.5, 128.3, 128.3, 123.4, 119.1, 117.8 (d, J = 3.3 Hz), 117.3, 116.8, 115.7 (d, J = 22.4 Hz), 115.0 
(d, J = 22.0 Hz), 92.6 (d, J = 1.7 Hz), 88.1; 19F NMR δ -110.96; HRMS (DART, positive): m/z calcd. 
for C26H16F+ [M + H]+ 347.1231, found 347.1227. 
 
1-(1-(Phenylethynyl)naphthalen-2-yl)biphenylene (1ag) 
Isolated by flash column chromatography (hexane/EtOAc = 9/1, Rf = 0.60). The title compound was 
obtained as a yellow solid; mp 123-125 °C; 1H NMR δ 8.59 (d, J = 8.3 Hz, 1H), 7.88 (dd, J = 8.2, 
2.2 Hz, 2H), 7.66-7.54 (m, 3H), 7.42-7.40 (m, 2H), 7.30-7.27 (m, 3H), 7.19 (d, J = 8.3 Hz, 1H), 6.89 
(dd, J = 8.4, 6.8 Hz, 1H), 6.75-6.64 (m, 4H), 6.55 (d, J = 6.8 Hz, 1H); 13C NMR δ 152.1, 151.4, 151.2, 
150.5, 138.7, 133.8, 132.6, 131.6, 131.2, 129.9, 128.7, 128.5, 128.4, 128.4, 128.4, 128.3, 127.3, 126.9, 
126.7, 126.6, 123.7, 119.2, 118.5, 117.2, 116.4, 98.6, 87.1 (a pair of peaks at the aromatic region was 
overlapped); HRMS (DART, positive): m/z calcd. for C30H22N+ [M+NH4]+ 396.1747, found 396.1744. 
 
1-(2-(Phenylethynyl)phenyl)biphenylene (1ah)  
Isolated by PTLC (hexane/EtOAc = 9/1, Rf = 0.60). The title compound was obtained as yellow oil; 
1H NMR δ 7.65-7.63 (m, 1H), 7.47-7.45 (m, 1H), 7.40-7.29 (m, 4H), 7.26-7.22 (m, 3H), 7.09-7.07 
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(m, 1H), 6.84 (dd, J = 8.4, 6.8 Hz, 1H), 6.74-6.64 (m, 4H), 6.58-6.57 (m, 1H); 13C NMR δ 152.0, 
151.3, 151.2, 149.9, 140.1, 133.1, 131.6, 130.8, 129.7, 128.8, 128.6, 128.4, 128.3, 128.3, 128.3, 128.2, 
127.6, 123.5, 121.6, 119.0, 117.2, 116.4, 93.0, 89.1; HRMS (DART, positive): m/z calcd. for 
C26H20N+ [M+NH4]+ 346.1590, found 346.1588. 
 
1-(5-Chloro-2-(4-methylphenylethynyl)phenyl)biphenylene (1ba) 
Isolated by flash column chromatography (hexane, Rf = 0.25). The title compound was obtained as 
a yellow solid; mp 137-138 °C; 1H NMR δ 7.54 (d, J = 8.3 Hz, 1H), 7.45 (d, J = 2.2 Hz, 1H), 7.29 
(dd, J = 8.3, 2.2 Hz, 1H), 7.17 (d, J = 8.1 Hz, 2H), 7.08-7.02 (m, 3H), 6.83 (dd, J = 8.3, 6.8 Hz, 1H), 
6.86-6.81 (m, 1H), 6.77-6.71 (m, 3H), 6.60-6.55 (m, 1H), 2.31 (s, 3H); 13C NMR δ 151.6, 151.3, 
151.2, 150.1, 141.4, 138.6, 134.2, 131.5, 129.5, 129.3, 129.1, 128.8, 128.6, 128.5, 128.5, 127.7, 120.3, 
120.1, 119.1, 117.3, 116.8, 94.1, 87.5, 21.6 (a pair of peaks at the aromatic region was overlapped); 
HRMS (DART, positive): m/z calcd. For C27H21ClN+ [M+NH4]+ 394.1357, found 394.1350.  
 
1-(5-Chloro-2-(4-methoxyphenylethynyl)phenyl)biphenylene (1ca) 
Isolated by flash column chromatography (hexane/EtOAc = 9/1, Rf = 0.60). The title compound was 
obtained as a yellow solid; mp 129-130 °C; 1H NMR δ 7.52 (d, J = 8.3 Hz, 1H), 7.44 (d, J = 2.2 Hz, 
1H), 7.28 (dd, J = 8.3, 2.2 Hz, 1H), 7.21 (d, J = 8.9 Hz, 2H), 7.04 (d, J = 8.4 Hz, 1H), 6.83 (dd, J = 
8.4, 6.9 Hz, 1H), 6.79-6.71 (m, 3H), 6.71-6.62 (m, 3H), 6.58 (d, J = 6.9 Hz, 1H), 3.77 (s, 3H); 13C 
NMR δ 159.8, 151.7, 151.2, 151.2, 150.1, 141.3, 134.0, 134.0, 133.0, 129.6, 129.3, 128.7, 128.6, 
128.5, 128.5, 127.7, 120.5, 119.1, 117.3, 116.7, 115.3, 114.0, 94.0, 86.9, 55.4; HRMS (DART, pos-
itive): m/z calcd. For C27H18ClO+ [M+H]+ 393.1041, found 393.1035.  
 
1-(5-Chloro-2-(4-trifluoromethylphenylethynyl)phenyl)biphenylene (1da) 
Isolated by flash column chromatography (hexane, Rf = 0.25). The title compound was obtained as 
a yellow solid; mp 129-130 °C; 1H NMR δ 7.58 (d, J = 8.3 Hz, 1H), 7.51-7.46 (m, 3H), 7.37-7.31 
(m, 3H), 6.98 (d, J = 8.4 Hz, 1H), 6.86 (dd, J = 8.4, 6.8 Hz, 1H), 6.78-6.73 (m, 1H), 6.73-6.65 (m, 
3H), 6.59-6.55 (m, 1H); 13C NMR δ 151.6, 151.2, 151,2, 150.2, 142.0, 135.1, 134.3, 131.7, 130.0 (q, 
J = 32.8 Hz), 129.2, 129.2, 129.0, 128.7, 128.7, 128.6, 127.9, 127.0 (q, J = 1.5 Hz), 125.3 (q, J = 3.7 
Hz), 124.0 (q, J = 274.5 Hz), 119.4, 119.2, 117.4, 116.9, 92.3, 90.4; 19F NMR δ -62.7; HRMS (DART, 
positive): m/z calcd. For C27H18ClF3N+ [M+NH4]+ 448.1074, found 448.1073.  
 
1-(5-Chloro-2-(4-chlorophenylethynyl)phenyl)biphenylene (1ea) 
Isolated by flash column chromatography (hexane, Rf = 0.50). The title compound was obtained as 
a yellow solid; mp 161-162 °C; 1H NMR δ 7.55 (d, J = 8.3 Hz, 1H), 7.46 (d, J = 2.2 Hz, 1H), 7.31 
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(dd, J = 8.3, 2.2 Hz, 1H), 7.23-7.16 (m, 4 H), 6.99 (d, J = 8.4 Hz, 1H), 6.85 (dd, J = 8.4, 6.8 Hz, 1H), 
6.77-6.73 (m, 1H), 6.71-6.65 (m, 3H), 6.57 (d, J = 6.8 Hz, 1H); 13C NMR δ 151.6, 151.2, 150.2, 
141.8, 134.7, 134.5, 134.1, 132.8, 129.3, 129.2, 128.9, 128.7, 128.6, 128.6, 127.9, 121.7, 119.8, 119.2 
117.4, 116.8, 92.7, 89.0 (two pairs of peaks at the aromatic region were overlapped); HRMS (DART, 
positive): m/z calcd. For C26H18Cl2N+ [M+NH4]+ 414.0811, found 414.0805.  
 
1-(2-([1,1’-Biphenyl]-4-ylethynyl)-5-chlorophenyl)biphenylene (1fa) 
Isolated by flash column chromatography (hexane/DCM = 10/1, Rf = 0.20). The title compound was 
obtained as a yellow solid; mp 136-137 °C; 1H NMR δ 7.59-7.54 (m, 3H), 7.50-7.46 (m, 3H), 7.45-
7.41 (m, 2H), 7.36-7.30 (m, 4H), 7.06 (d, J = 8.4 Hz, 1H), 6.86 (dd, J = 8.4, 6.8 Hz, 1H), 6.76 (dd, J 
= 8.2, 5.9 Hz, 1H), 6.72-6.66 (m, 3H), 6.60 (s, 1H); 13C NMR δ 151.7, 151.3, 151.2, 150.2, 141.6, 
141.1, 140.5, 134.4, 134.2, 132.0, 129.5, 129.3, 129.0, 128.8, 128.6, 128.6, 128.6, 127.8, 127.8, 127.1, 
127.0, 122.1, 120.2, 119.2, 117.4, 116.8, 93.8, 88.8; HRMS (DART, positive): m/z calcd. For 
C32H20Cl+ [M+H]+ 439.1248, found 439.1245.  
 
1-(5-Chloro-2-(3-trifluoromethylphenylethynyl)phenyl)biphenylene (1ga) 
Isolated by flash column chromatography (hexane, Rf = 0.20). The title compound was obtained as 
a yellow solid; mp 68-69 °C; 1H NMR δ 7.57 (d, J = 8.3 Hz, 1H), 7.52-7.46 (m, 3H), 7.42 (d, J = 7.8 
Hz, 1H), 7.38-7.31 (m, 2H), 6.97 (d, J = 8.4 Hz, 1H), 6.86 (dd, J = 8.4, 6.8 Hz, 1H), 6.78-6.73 (m, 
1H), 6.72-6.64 (m, 3H), 6.57 (dd, J = 6.8, 0.8 Hz, 1H); 13C NMR δ 151.6, 151.2, 151.2, 150.3, 142.0, 
135.0, 134.5, 134.2, 131.0 (q, J = 32.7 Hz), 129.2, 129.1, 128.9, 128.8, 128.7, 128.7, 128.5, 128.4 (q, 
J = 3.8 Hz), 127.9, 124.9 (q, J = 3.8 Hz), 124.1, 123.8 (q, J = 277.0 Hz), 119.5, 119.3, 117.5, 116.9, 
92.2, 89.6; 19F NMR δ -62.8; HRMS (DART, positive): m/z calcd. For C27H18ClF3N+ [M+NH4]+ 
448.1074, found 448.1071. 
 
1-(5-Chloro-2-(3-methylphenylethynyl)phenyl)biphenylene (1ha) 
Isolated by PTLC (hexane, Rf = 0.30). The title compound was obtained as a yellow solid; mp 98-
99 °C; 1H NMR δ 7.54 (d, J = 8.3 Hz, 1H), 7.45 (d, J = 2.2 Hz, 1H), 7.29 (dd, J = 8.3, 2.2 Hz, 1H), 
7.14-7.05 (m, 4H), 7.04-7.01 (m, 1H), 6.84 (dd, J = 8.4, 6.8 Hz, 1H), 6.77-6.72 (m, 1H), 6.70-6.64 
(m, 3H), 6.60-6.57 (m, 1H), 2.25 (s, 3H); 13C NMR δ 151.7, 151.3, 151.2, 150.2, 141.6, 138.0, 134.3, 
134.2, 132.3, 129.5, 129.3, 129.3, 128.8, 128.6, 128.6, 128.5, 128.2, 127.8, 123.0, 120.2, 119.2, 117.3, 
116.8, 94.8, 94.0, 87.7, 21.3; HRMS (DART, positive): m/z calcd. For C27H21ClN+ [M+NH4]+ 
394.1357, found 394.1353.  
 
 




Isolated by flash column chromatography (hexane/DCM = 9/1, Rf = 0.30). The title compound was 
obtained as a yellow solid; mp 105-106 °C; 1H NMR δ 7.57 (d, J = 8.3 Hz, 1H), 7.46 (d, J = 2.1 Hz, 
1H), 7.32-7.26 (m, 2H), 7.19-7.13 (m, 2H), 7.08-7.05 (m, 2H), 6.82 (dd, J = 8.4, 6.8 Hz, 1H), 6.75-
6.72 (m, 1H), 6.70-6.64 (m, 3H), 6.57-6.56 (m, 1H), 2.36 (s, 3H); 13C NMR δ 151.4, 151.3, 150.0, 
141.3, 140.3, 134.5, 134.3, 132.1, 129.6, 129.5, 129.3, 128.8, 128.6, 128.5, 128.5, 128.5, 127.8, 125.6, 
123.0, 120.4, 118.8, 117.4, 116.8, 92.9, 91.7, 20.7 (a pair of peaks at the aromatic region was over-
lapped); HRMS (DART, positive): m/z calcd. for C27H21ClN+ [M+NH4]+ 394.1357, found 394.1348. 
 
1-(5-Chloro-2-(naphthalene-2-ylethynyl)phenyl)biphenylene (1ja) 
Isolated by flash column chromatography (hexane/toluene = 20/1, Rf = 0.45). The title compound 
was obtained as a yellow solid; mp 124-125 °C; 1H NMR δ 7.79-7.72 (m, 2H), 7.72-7.66 (m, 2H), 
7.61 (d, J = 8.3 Hz, 1H), 7.51-7.42 (m, 3H), 7.36-7.31 (m, 2H), 7.05 (d, J = 8.4 Hz, 1H), 6.88 (dd, J 
= 8.4, 6.8 Hz, 1H), 6.81-6.72 (m, 2H), 6.72-6.66 (m, 2H), 6.63 (d, J = 6.9 Hz, 1H); 13C NMR δ 151.8, 
151.3, 151.2, 150.2, 141.8, 134.5, 134.2, 133.1, 132.9, 131.7, 129.5, 129.3, 128,9, 128.7, 128.7, 128.6, 
128.2, 128.0, 128.0, 127.9, 128.8, 126.8, 126.6, 120.5, 120.2, 119.4, 117.4, 116.8, 94.3, 88.4; HRMS 
(DART, positive): m/z calcd. For C30H21ClN+ [M+NH4]+ 430.1357, found 430.1348.  
 
1-(5-Chloro-2-(pent-1-yn-1-yl)phenyl)biphenylene (1ka) 
Isolated by PTLC (hexane, Rf = 0.45). The title compound was obtained as yellow oil; 1H NMR δ 
7.44-7.38 (m, 2H), 7.23 (dd, J = 8.3, 2.2 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 6.80 (dd, J = 8.4, 6.8 Hz, 
1H), 6.76-6.70 (m, 2H), 6.67-6.60 (m, 2H), 6.56-6.53 (m, 1H), 2.23 (t, J = 7.0 Hz, 2H), 1.49-1.39 (m, 
2H), 0.90 (t, J = 7.4 Hz, 3H); 13C NMR δ 151.7, 151.3, 151.2, 150.0, 141.4, 134.3, 133.5, 130.0, 
129.3, 128.6, 128.4, 128.4, 128.3, 127.6, 120.9, 119.0, 117.1, 116.6, 95.2, 79.1, 21.8, 21.8, 13.6; 
HRMS (DART, positive): m/z calcd. For C23H18Cl+ [M+H]+ 329.1092, found 329.1087.  
 
5-Chloro-8-phenylbenzo[b]fluoranthene (2aa) and 2-chloro-6-phenylbenzo[3,4]cyclobuta[1,2-
c]phenanthrene (3aa) 
Separated by PTLC (hexane/toluene = 14/1, Rf = 0.40). The title compounds were obtained as a 
yellow solid (2aa:3aa =31:1); 1H NMR (2aa) δ 8.64 (d, J = 2.2 Hz, 1H), 8.39 (d, J = 8.1 Hz, 1H), 
8.00 (d, J = 7.1 Hz, 1H), 7.88 (d, J = 7.5 Hz, 1H), 7.76 (dd, J = 8.1, 7.1 Hz, 1H), 7.63-7.59 (m, 4H), 
7.47-7.43 (m, 3H), 7.32-7.29 (m, 1H), 7.08-7.05 (m, 1H), 6.71 (d, J = 7.7 Hz, 1H); 13C NMR (2aa) 
δ 140.8, 138.5, 137.8, 137.2, 135.9, 133.3, 132.8, 132.7, 132.2, 131.9, 130.0, 129.9, 129.1, 128.4, 
128.4, 128.1, 127.5, 127.2, 126.5, 124.3, 122.8, 121.6, 121.3, 120.2; HRMS (DART, positive): m/z 




c]phenanthrene (3ab) and 9-fluoro-8-phenylbenzo[b]fluoranthene (4ab) 
Separated by PTLC (hexane/toluene = 9/1, Rf = 0.45). The title compounds were obtained as a yellow 
solid (2ab:3ab:4ab =15:4:1); 1H NMR (2ab) δ 8.55-8.53 (m, 1H), 8.46 (d, J = 8.1 Hz, 1H), 8.01 (dd, 
J = 7.1, 0.6 Hz, 1H), 7.88-7.86 (m, 1H), 7.78 (dd, J = 8.2, 7.1 Hz, 1H), 7.64-7.60 (m, 1H), 7.58-7.55 
(m, 3H), 7.52-7.50 (m, 2H), 7.32-7.28 (m, 1H), 7.21-7.16 (m, 1H), 7.04-7.01 (m, 1H), 6.42-6.40 (m, 
1H); 13C NMR (2ab) δ 161.6 (d, J = 255.7 Hz), 141.1 (d, J = 4.5 Hz), 140.8, 138.7, 137.2, 134.2, 
133.2 (d, J = 3.8 Hz), 131.8 (d, J = 0.8 Hz ), 128.7, 128.4 (d, J = 4.1 Hz), 128.1, 127.6, 127.7, 127.6, 
127.6, 127.6, 126.8 (d, J = 3.0 Hz), 124.8, 123.1, 122.0, 121.2, 120.1, 119.3 (d, J = 4.0 Hz),113.7 (d, 
J = 23.2 Hz); 19F NMR δ -104.97 (d, J = 13.6 Hz); HRMS (DART, positive): m/z calcd. for C26H19FN+ 
[M+NH4]+ 364.1496, found 364.1493. 
 
6-Fluoro-8-phenylbenzo[b]fluoranthene (2ac) 
Isolated by PTLC (hexane/DCM = 4/1, Rf = 0.50). The title compound was obtained as a yellow 
solid; mp 172-173 °C; 1H NMR δ 8.69 (dd, J = 8.9, 5.7 Hz, 1H), 8.43 (d, J = 8.1 Hz, 1H), 8.00 (d, J 
= 7.1 Hz, 1H), 7.90 (d, J = 7.5 Hz, 1H), 7.80-7.77 (m, 1H), 7.66-7.60 (m, 3H), 7.49 (dd, J = 7.5, 1.7 
Hz, 2H), 7.44-7.40 (m, 1H), 7.35-7.31 (m, 2H), 7.09-7.06 (m, 1H), 6.74 (d, J = 7.7 Hz, 1H); 13C 
NMR δ 161.7 (d, J = 245.6 Hz), 141.0, 138.5, 137.7, 137.2, 136.2 (d, J = 8.2 Hz), 135.6 (d, J = 4.1 
Hz), 133.6, 131.5 (d, J = 1.2 Hz), 130.0, 129.2, 128.6, 128.5, 128.2, 127.5, 127.3 (d, J = 1.9 Hz), 
127.1, 125.1 (d, J = 8.9 Hz), 124.5, 121.4, 121.3, 119.5, 115.7 (J = 23.8 Hz), 113.2 (J = 22.5 Hz); 19F 
NMR δ -114.55 ; HRMS (DART, positive): m/z calcd. for C26H15F+ [M]+ 346.1152, found 346.1142. 
 
6-Chloro-8-phenylbenzo[b]fluoranthene (2ad) 
Isolated by PTLC (hexane/toluene = 4/1, Rf = 0.60). The title compound was obtained as a yellow 
solid; mp 161-162 °C; 1H NMR δ 8.61 (d, J = 8.6 Hz, 1H), 8.40 (d, J = 8.1 Hz, 1H), 7.99 (dd, J = 
7.1, 0.6 Hz, 1H), 7.89-7.87 (m, 1H), 7.76 (dd, J = 8.2, 7.1 Hz, 1H), 7.65-7.60 (m, 5H), 7.48-7.46 (m, 
2H), 7.33-7.30 (m, 1H), 7.08-7.05 (m, 1H), 6.70-6.68 (m, 1H); 13C NMR δ 141.0, 138.5, 137.5, 137.2, 
135.7, 135.4, 133.6, 132.9, 131.8, 130.0, 129.2, 129.1, 128.6, 128.5, 128.2, 127.6, 127.6, 127.4, 127.0, 
124.6, 124.5, 121.5, 121.3, 119.9; HRMS (DART, positive): m/z calcd. for C26H19ClN+ [M+NH4]+ 
380.1201, found 380.1195. 
 
6-Methoxy-8-phenylbenzo[b]fluoranthene (2ae) 
Isolated by PTLC (hexane/toluene = 4/1, Rf = 0.30). The title compound was obtained as a yellow 
solid; mp 113-114 °C; 1H NMR δ 8.63 (d, J = 8.9 Hz, 1H), 8.41 (d, J = 8.1 Hz, 1H), 7.95 (dd, J = 7.1, 
0.6 Hz, 1H), 7.90-7.88 (m, 1H), 7.76 (dd, J = 8.1, 7.1 Hz, 1H), 7.64-7.57 (m, 3H), 7.52-7.50 (m, 2H), 
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7.32-7.29 (m, 2H), 7.11-7.04 (m, 2H), 6.72-6.70 (m, 1H), 3.77 (s, 3H); 13C NMR δ 158.5, 141.1, 
138.8, 138.4, 137.0, 136.0, 135.9, 133.0, 131.0, 130.0, 129.1, 128.3, 128.2, 127.9, 127.5, 127.3, 125.1, 
124.6, 124.3, 121.2, 121.1, 118.8, 116.3, 110.2, 55.4; HRMS (DART, positive): m/z calcd. for 
C27H19O [M+H]+ 359.1430, found 364.1426. 
 
5-Fluoro-8-phenylbenzo[b]fluoranthene (2af) 
Isolated by PTLC (hexane, Rf = 0.30). The title compound was obtained as a yellow solid; mp 194-
195 °C; 1H NMR δ 8.38 (d, J = 8.2 Hz, 1H), 8.31 (dd, J = 10.2, 2.6 Hz, 1H), 8.02 (d, J = 7.1 Hz, 1H), 
7.90-7.88 (m, 1H), 7.77 (dd, J = 8.1, 7.2 Hz, 1H), 7.68 (dd, J = 9.1, 5.8 Hz, 1H), 7.64-7.60 (m, 3H), 
7.49-7.47 (m, 2H), 7.33-7.29 (m, 1H), 7.26-7.22 (m, 1H), 7.09-7.05 (m, 1H), 6.72-6.70 (m, 1H); 13C 
NMR δ 162.0 (d, J = 248.0 Hz), 140.6, 138.6, 138.1, 137.2, 136.1 (d, J = 1.2 Hz), 132.6 (d, J = 8.5 
Hz), 132.3, 131.9 (d, J = 2.5 Hz), 131.2 (d, J = 1.8 Hz), 130.7 (d, J = 8.9 Hz), 130.0, 129.1, 128.4, 
128.2, 127.9, 127.5, 126.9 (d, J = 4.1 Hz), 124.2, 121.6, 121.3, 120.2, 115.5 (d, J = 23.3 Hz), 108.4 
(d, J = 22.1 Hz); 19F NMR δ -113.30; HRMS (DART, positive): m/z calcd. for C26H15F [M]+ 346.1152, 
found 346.1147. 
 
10-Phenylnaphtho[1,2-b]fluoranthene (2ag) and 8-phenyldibenzo[b,l]fluoranthene (4ag) 
Separated by flash column chromatography (hexane/toluene = 4/1, Rf = 0.50). The title compounds 
were obtained as a yellow solid (2ag:4ag = 1.4:1); 1H NMR δ 8.80 (d, J = 8.9 Hz, 1H (major)), 8.75-
8.73 (m, 1H (minor)), 8.61 (d, J = 8.3 Hz, 1H (major)), 8.53 (d, J = 8.1 Hz, 1H (minor)), 8.07-8.03 
(m, 2H (major) + 2H (minor)), 7.95-7.76 (m, 4H (major) + 4H (minor)), 7.71-7.65 (m, 3H (major) + 
1H (minor)), 7.61-7.56 (m, 2H (major) + 5H (minor)), 7.53-7.50 (m, 1H (minor)), 7.47-7.44 (m, 1H 
(major)), 7.30-7.27 (m, 1H (major)), 7.22-7.19 (m, 1H (minor)), 7.15-7.11 (m, 1H (major)), 7.04-
7.01 (m, 1H (major)), 6.84-6.78 (m, 2H (minor)), 6.38 (d, J = 7.8 Hz, 1H (major)); 13C NMR δ 143.1, 
141.4, 140.6, 140.4, 139.8, 138.6, 137.5, 137.1, 136.8, 135.3, 134.9, 134.8, 134.8, 134.6, 134.1, 132.5, 
131.8, 131.7, 131.2, 130.9, 130.6, 130.3, 130.2, 129.9, 129.6, 129.6, 129.5, 129.3, 129.1, 129.0, 129.0, 
128.4, 128.3, 128.2, 128.1, 127.9, 127.6, 127.5, 127.5, 127.4, 127.2, 126.8, 126.8, 125.7, 125.7, 125.4, 
124.6, 124.6, 122.8, 122.6, 121.8, 121.7, 121.2, 119.8, 119.4, 119.3; HRMS (DART, positive): m/z 
calcd. for C30H22N+ [M+NH4]+ 396.1747, found 396.1743. 
 
8-Phenylbenzo[b]fluoranthene (2ah) and 6-phenylbenzo[3,4]cyclobuta[1,2-c]phenanthrene 
(3ah) 
Separated by PTLC (hexane/toluene = 14/1, Rf = 0.60). The title compounds were obtained as a 
yellow solid (2ah:3ah = 13:1 (JohnPhos was used as a ligand), 2ah:3ah = 1:3 (P(OMe)3 was used as 
a ligand)); 1H NMR δ 8.74 (d, J = 7.5 Hz, 1H (2ah)), 8.51 (d, J = 8.2 Hz, 1H (2ah)), 8.30 (d, J = 8.0 
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Hz, 1H (3ah)), 8.02 (d, J = 7.1 Hz, 1H (2ah)), 7.90 (d, J = 7.5 Hz, 1H (2ah)), 7.79 (dd, J = 8.1, 7.2 
Hz, 1H (2ah)), 7.74-7.69 (m, 1H (2ah) + 1H (3ah)), 7.69-7.66 (m, 1H (2ah)), 7.65-7.40 (m, 7H (2ah) 
+ 7H (3ah)), 7.35-7.29 (m, 1H (2ah) + 2H (3ah)), 7.09-7.05 (m, 1H (2ah)), 7.02 (d, J = 6.7 Hz, 1H 
(3ah)), 6.89 (d, J = 7.8 Hz, 1H (3ah)), 6.81-6.76 (m, 1H (3ah)), 6.76-6.70 (m, 1H (3ah)), 6.59 (d, J 
= 6.5 Hz, 1H (3ah)); 13C NMR (2ah) δ140.9, 138.8, 138.3, 137.1, 136.5, 134.4, 132.4, 131.9, 130.8, 
130.1, 129.0, 128.5, 128.2, 128.2, 127.8, 127.5, 127.4, 127.0, 126.8, 124.3, 123.2, 121.6, 121.2, 
119.7; 13C NMR (3ah) δ 152.3, 151.9, 150.4, 147.5, 140.9, 140.0, 132.9, 132.4, ,130.1, 130.0, 128.9, 
128.7, 128.4, 128.4, 128.2, 127.7, 127.6, 127.2, 126.5, 125.6, 125.5, 118.3, 116.6, 116.6; HRMS 
(DART, positive): m/z calcd. For C26H17+ [M+H]+ 329.1325, found 329.1323. 
 
5-Chloro-8-(4-methylphenyl)benzo[b]fluoranthene (2ba) and 2-chloro-6-(4-
methylphenyl)benzo[3,4]cyclobuta[1,2-c]phenanthrene (3ba) 
Separated by PTLC (hexane, Rf = 0.45). The title compound were obtained as a yellow solid 
(2ba:3ba = 32:1); 1H NMR (2ba) δ 8.63 (d, J = 2.1 Hz, 1H), 8.39 (d, J = 8.3 Hz, 1H), 8.00 (d, J = 
7.1 Hz, 1H), 7.92-7.84 (m, 1H), 7.80-7.72 (m, 1H), 7.64 (d, J = 8.8 Hz, 1H), 7.45-7.40 (m, 3H), 7.36-
7.29 (m, 3H), 7.11-7.06 (m, 1H), 6.79 (d, J = 7.7 Hz, 1H), 2.55(s, 3H); 13C NMR (2ba) δ 140.8, 
138.6, 138.1, 137.1, 136.1, 134.7, 133.2, 133.0, 132.7, 132.2, 131.9, 129.9, 129.8, 129.8, 128.3, 128.0, 
127.5, 127.1, 126.5, 124.4, 122.8, 121.5, 121.2, 120.2, 21.7; HRMS (DART, positive): m/z calcd. 
For C27H21ClN+ [M+NH4]+ 394.1357, found 394.1352.  
 
5-Chloro-8-(4-methoxyphenyl)benzo[b]fluoranthene (2ca) and 2-chloro-6-(4-methoxy-
phenyl)benzo[3,4]cyclobuta[1,2-c]phenanthrene (3ca) 
Separated by PTLC (hexane/toluene = 4/1, Rf = 0.55). The title compounds were obtained as a yellow 
solid (2ca:3ca = 12:1); 1H NMR (2ca) δ 8.62 (d, J = 2.1 Hz, 1H), 8.34 (d, J = 2.1 Hz, 1H), 7.99 (d, J 
= 7.1 Hz, 1H), 7.88 (d, J = 7.5 Hz, 1H), 7.75 (dd, J = 8.1, 7.2 Hz, 1H), 7.65 (d, J = 8.8 Hz, 1H), 7.44 
(dd, J = 8.8, 2.1 Hz, 1H), 7.39-7.35 (m, 2H), 7.34-7.29 (m, 1H), 7.17-7.06 (m, 3H), 6.82 (d, J = 7.7 
Hz, 1H), 3.97 (s, 3H); 13C NMR (2ca) δ 159.7, 140.8, 138.6, 137.1, 135.8, 133.2, 133.2, 133.0, 132.2, 
132.0, 131.2, 129.9, 129.8, 128.3, 128.0, 127.5, 127.1, 126.4, 124.4, 122.8, 121.5, 121.3, 120.2, 114.5, 
55.5; HRMS (DART, positive): m/z calcd. For C27H21ClNO+ [M+NH4]+ 410.1306, found 410.1301.  
 
5-Chloro-8-(4-trifluoromethylphenyl)benzo[b]fluoranthene (2da) and 11-chloro-8-(4-trifluo-
romethylphenyl)benzo[b]fluoranthene (4da) 
Separated by PTLC (hexane/toluene = 14/1, Rf = 0.45). The title compounds were obtained as a 
yellow solid (2da:4da = 1.8:1); 1H NMR δ 8.74 (d, J = 8.0 Hz, 1H (minor)), 8.67 (d, J = 2.0 Hz, 1H 
(major)), 8.54 (d, J = 8.2 Hz, 1H (minor)), 8.42 (d, J = 8.2 Hz, 1H (major)), 8.03 (d, J = 7.0 Hz, 1H 
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(major)), 8.00 (d, J = 7.1 Hz, 1H (minor)), 7.94-7.88 (m, 3H (major) + 2H (minor)), 7.86 (d, J = 1.9 
Hz, 1H (minor)), 7.83-7.78 (m, 1H (major) + 1H (minor)), 7.76-7.68 (m, 1H (minor)), 7.64-7.61 (m, 
2H (major) + 2H (minor)), 7.58-7.54 (m, 2H (minor)), 7.50-7.45 (m, 2H (major)), 7.36-7.33 (m, 1H 
(major)), 7.12-7.08 (m, 1H (major)), 7.06 (dd, J = 8.2, 2.0 Hz, 1H (minor)), 6.66 (d, J = 7.7 Hz, 1H 
(major)), 6.56 (d, J = 8.2 Hz, 1H (minor)); 13C NMR (2da) δ 141.8, 140.9, 138.0, 137.2, 134.0, 133.6, 
132.8, 132.0, 132.0 (q, J = 35.0 Hz), 131.9, 130.6, 129.3, 128.8, 128.4, 127.7, 127.4, 126.8, 126.6, 
126.2 (q, J = 3.5 Hz), 124.4 (q, J = 274.2 Hz), 124.1, 123.0, 121.7, 121.5, 120.4; 19F NMR δ -62.2; 
HRMS (DART, positive): m/z calcd. For C27H15ClF3+ [M+H]+ 430.0731, found 430.0727.  
 
5-Chloro-8-(4-chlorophenyl)benzo[b]fluoranthene (2ea) 
Isolated by PTLC (hexane/toluene = 4/1, Rf = 0.75). The title compound was obtained as a yellow 
solid; mp 156-157 °C; 1H NMR δ 8.63 (d, J = 2.1 Hz, 1H), 8.38 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 7.2 
Hz, 1H), 7.88 (d, J = 7.5 Hz, 1H), 7.76 (dd, J = 8.1, 7.2 Hz, 1H), 7.62-7.57 (m, 2H), 7.55 (d, J = 8.8 
Hz, 1H), 7.44 (dd, J = 8.8, 2.1 Hz, 1H), 7.42-7.37 (m, 2H), 7.37-7.31 (m, 1H), 7.11 (m, 1H), 6.76 (d, 
J = 7.7 Hz, 1H); 13C NMR δ 140.9, 138.2, 137.1, 136.3, 134.5, 134.4, 133.4, 132.9, 132.5, 132.1, 
131.9, 131.5, 129.5, 127.5, 128.6, 128.3, 127.6, 127.3, 126.6, 124.2, 122.9, 121.6, 121.4, 120.3;  
HRMS (DART, positive): m/z calcd. For C26H14Cl2+ [M]+ 396.0467, found 396.0457.  
 
8-([1,1'-Biphenyl]-4-yl)-5-chlorobenzo[b]fluoranthene (2fa) 
Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.50). The title compound was obtained as a yellow 
solid; mp 249-250 °C; 1H NMR δ 8.68 (d, J = 2.2 Hz, 1H), 8.44 (d, J = 8.1 Hz, 1H), 8.04 (d, J = 7.0 
Hz, 1H), 7.92-7.87 (m, 3H), 7.82-7.79 (m, 3H), 7.72 (d, J = 8.8 Hz, 1H), 7.57-7.53 (m, 4H), 7.49-
7.42 (m, 2H), 7.35-7.32 (m, 1H), 7.11-7.07 (m, J = 7.6, 1.1 Hz, 1H), 6.87 (d, J = 7.7 Hz, 1H); 13C 
NMR δ 141.1, 140.9, 140.7, 138.5, 137.2, 136.8, 135.6, 133.4, 132.8, 132.8, 132.3, 132.0, 130.5, 
129.9, 129.1, 128.5, 128.1, 127.8, 127.7, 127.6, 127.3, 127.3, 126.6, 124.4, 122.9, 121.6, 121.3, 
120.3; HRMS (DART, positive): m/z calcd. for C32H23ClN+ [M + NH4] + 456.1514, found 456.1510. 
 
5-Chloro-8-(3-trifluoromethylphenyl)benzo[b]fluoranthene (2ga) and 11-chloro-8-(3-trifluo-
romethylphenyl)benzo[b]fluoranthene (4ga) 
Separated by PTLC (hexane/toluene = 4/1, Rf = 0.50). The title compounds were obtained as a yellow 
solid (2ga:4ga = 6.7:1); 1H NMR δ 8.73 (d, J = 8.4 Hz, 1H (minor)), 8.66 (d, J = 2.0 Hz, 1H (major)), 
8.53 (d, J = 8.2 Hz, 1H (minor)), 8.40 (d, J = 8.2 Hz, 1H (major)), 8.01 (d, J = 7.1 Hz, 1H (major)), 
7.98 (d, J = 7.1 Hz, 1H (minor)), 7.91-7.88 (m, 2H (major)), 7.85 (d, J = 1.9 Hz, 1H (minor)), 7.82-
7.75 (m, 3H (major) + 3H (minor)), 7.74-7.71 (m, 1H (minor)), 7.70-7.67 (m, 1H (major) + 1H (mi-
nor)), 7.57 (m, 3H (minor)), 7.52-7.46 (m, 2H (major)), 7.36-7.32 (m, 1H (major)), 7.10 (d, J = 7.1 
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Hz, 1H (major)), 7.04 (d, J = 1.5 Hz, 1H (minor)), 6.62 (d, J = 7.7 Hz, 1H (major)), 6.52 (d, J = 8.2 
Hz, 1H (minor)); 13C NMR (2ga) δ 141.0, 138.8, 138.0, 137.2, 133.8, 133.6 (q, J = 1.2 Hz), 133.6, 
133.1, 132.3, 132.0, 131.9, 131.7 (q, J = 32.8Hz), 129.7, 129.3, 128.8, 128.4, 127.7, 127.5, 127.0 (q, 
J = 3.7 Hz), 126.7, 125.4 (q, J = 3.7 Hz), 124.2 (q, J = 272.9 Hz), 124.0, 123.0, 121.7, 121.5, 120.4; 




Isolated by PTLC (hexane/toluene = 9/1, Rf = 0.30). The title compound was obtained as a yellow 
solid; 1H NMR δ 8.66 (d, J = 2.1 Hz, 1H), 8.43 (d, J = 8.1 Hz, 1H), 8.03 (d, J = 7.1 Hz, 1H), 7.90 (d, 
J = 7.5 Hz, 1H), 7.79 (dd, J = 8.1, 7.2 Hz, 1H), 7.66 (d, J = 8.8 Hz, 1H), 7.53 -7.41 (m, 3H), 7.34-
7.27 (m, 3H), 7.11-7.07 (m, 1H), 6.76 (d, J = 7.7 Hz, 1H), 2.48 (s, 3H); 13C NMR δ 140.8, 138.8, 
138.6, 137.7, 137.2, 136.2, 133.3, 132.9, 132.6, 131.9, 130.6, 130.0, 129.1, 129.0, 128.4, 128.0, 127.6, 
127.2, 127.0, 126.5, 124.4, 122.8, 121.6, 121.3, 120.2, 21.7 (a pair of peaks at the aromatic region 




methylphenyl)benzo[3,4]cyclobuta[1,2-c]phenanthrene (3ia) and 11-chloro-8-(2-
methylphenyl)benzo[b]fluoranthene (4ia) 
Separated by PTLC (hexane/toluene = 9/1, Rf = 0.55). The title compounds were obtained as a yellow 
solid (2ia:3ia:4ia = 13:1:15); 1H NMR δ 8.75-8.73 (m, 1H (4ia)), 8.67 (d, J = 2.1 Hz, 1H (2ia)), 8.55 
(d, J = 8.1 Hz, 1H (4ia)), 8.43 (d, J = 8.1 Hz, 1H (2ia)), 8.04-7.99 (m, 1H (4ia) + 1H (2ia)), 7.91-
7.89 (m, 1H (2ia)), 7.87-7.86 (m, 1H (4ia)), 7.82-7.78 (m, 1H (4ia) + 1H (2ia)), 7.72-7.68 (m, 1H 
(4ia)), 7.62-7.60 (m, 1H (4ia)), 7.56-7.45 (m, 4H (4ia) + 5H (2ia)), 7.34-7.31 (m, 1H (4ia) + 2H 
(2ia)), 7.10-7.03 (m, 1H (4ia) + 1H (2ia)), 6.64-6.58 (m, 1H (2ia)), 6.51 (d, J = 8.2 Hz, 1H (4ia)), 
2.00 (s, 3H (4ia) + 3H (2ia)); 13C NMR (2ia and 4ia) δ 142.4, 140.8, 138.5, 137.3, 137.2, 137.1, 
137.1, 136.3, 135.9, 135.3, 133.9, 133.8, 133.4, 132.7, 132.4, 132.3, 132.2, 132.1, 131.4, 130.9, 130.6, 
130.6, 130.0, 129.9, 129.4, 128.7, 128.7, 128.4, 128.2, 128.1, 128.1, 127.8, 127.5, 127.5, 127.4, 127.3, 
127.2, 126.7, 126.6, 126.5, 124.6, 123.9, 123.3, 123.0, 122.3, 121.6, 121.6, 121.3, 120.3, 120.1, 19.8 
(two pairs of peaks at the aromatic region were overlapped, and a pair of peaks at the alkyl region 
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5-Chloro-8-(naphthalen-2-yl)benzo[b]fluoranthene (2ja) and 2-chloro-6-(naphthalen-2-
yl)benzo[3,4]cyclobuta[1,2-c]phenanthrene (3ja) 
Separated by PTLC (hexane/toluene = 9/1, Rf = 0.50). The title compounds were obtained as a yellow 
solid (2ia:3ia = 5.6:1); 1H NMR δ 8.68 (d, J = 2.2 Hz, 1H (major)), 8.44 (d, J = 8.1 Hz, 1H (major)), 
8.25 (d, J = 2.0 Hz, 1H (minor)), 8.11 (d, J = 8.4 Hz, 1H (major)), 8.06-8.03 (m, 2H (major)), 7.99 
(s, 1H (major)), 7.93-7.89 (m, 2H (major)+4H (minor)), 7.82-7.78 (m, 1H (major)), 7.67-7.48 (m, 4H 
(major) + 5H (minor)), 7.42 (dd, J = 8.8, 2.2 Hz, 1H (major)), 7.38 (s, 1H (minor)), 7.34 (d, J = 7.7 
Hz, 1H (minor)), 7.31-7.28 (m, 1H (major)), 7.04-7.02 (m, 1H (minor)), 6.99-6.95 (m, 1H (major)), 
6.89 (d, J = 7.7 Hz, 1H (minor)), 6.84-6.81 (m, 1H (minor)), 6.77-6.74 (m, 1H (minor)), 6.70 (d, J = 
7.7 Hz, 1H (major)), 6.61-6.59 (m, 1H (minor)); 13C NMR (2ia) δ 140.8, 138.5, 137.2, 135.7, 135.3, 
133.7, 133.4, 133.2, 132.9, 132.9, 132.3, 132.0, 130.0, 129.1, 128.9, 128.5, 128.4, 128.2, 128.1, 128.0, 
127.6, 127.2, 126.8, 126.7, 126.6, 124.4, 122.9, 121.6, 121.3, 120.3; HRMS (DART, positive): m/z 
calcd. for C30H21ClN+ [M+NH4]+ 430.1357, found 430.1353. 
 
5-Chloro-8-propylbenzo[b]fluoranthene (2ka), 2-chloro-6-propylbenzo[3,4]cyclobuta[1,2-
c]phenanthrene (3ka) and 11-chloro-8-propylbenzo[b]fluoranthene (4ka) 
Separated by PTLC (hexane/toluene = 14/1, Rf = 0.40). The title compounds were obtained as a 
yellow solid (2ka:3ka:4ka = 12:3.3:1); 1H NMR δ 8.71-8.69 (m, 1H (4ka)), 8.63 (d, J = 2.2 Hz, 1H 
(2ka)), 8.48 (d, J = 8.4 Hz, 1H (4ka)), 8.36-8.34 (m, 1H (2ka)), 8.31-8.29 (m, 1H (4ka)), 8.21 (d, J 
= 8.9 Hz, 1H (2ka)), 8.07-8.05 (m, 1H (2ka) + 1H (4ka)), 8.00-7.96 (m, 2H (2ka) + 2H (4ka)), 7.92 
(d, J = 2.0 Hz, 1H (4ka)), 7.74-7.68 (m, 1H (2ka) + 1H (4ka)), 7.61 (dd, J = 8.9, 2.2 Hz, 1H (2ka)), 
7.45-7.43 (m, 2H (2ka) +2H (4ka)), 3.55-3.52 (m, 2H (2ka) +2H (4ka)), 1.96-1.88 (m, 2H (2ka)+ 
2H (4ka)), 1.25-1.21 (m, 3H (2ka) + 3H (4ka)); 13C NMR (2ka) δ 140.9, 136.9, 136.5, 133.1, 132.4, 
132.4, 132.3, 132.1, 127.8, 127.7, 127.7, 127.3, 127.2, 124.7, 123.2, 121.5, 121.5, 119.8, 31.3, 23.7, 
14.8 (two pairs of peaks at the aromatic region were overlapped); HRMS (DART, positive): m/z calcd. 












F) Cartesian coordinates of stationary points optimized at B97D/SDD for Au and B97D/6-
31G(d,p) for other atoms 
1ai (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -2.854251    1.501883   -1.521214 
      2          6           0       -2.385661    2.727430   -1.995232 
      3          6           0       -1.190355    3.324840   -1.493731 
      4          6           0       -0.539604    2.610033   -0.507976 
      5          6           0       -1.021561    1.356549   -0.016550 
      6          6           0       -2.174533    0.751186   -0.502460 
      7          6           0        0.618649    2.539364    0.455814 
      8          6           0        0.117580    1.300724    0.965791 
      9          6           0        1.789206    3.110496    0.920279 
     10          6           0        2.457572    2.394302    1.957569 
     11          6           0        1.954870    1.192210    2.469112 
     12          6           0        0.753064    0.605559    1.977180 
     13          6           0       -2.713018   -0.547091   -0.035361 
     14          6           0       -1.879741   -1.696925    0.152093 
     15          6           0       -2.467992   -2.912081    0.591024 
     16          6           0       -3.840409   -3.003512    0.833323 
     17          6           0       -4.660983   -1.879826    0.636815 
     18          6           0       -4.096420   -0.673761    0.204946 
     19          6           0       -0.485222   -1.668741   -0.123998 
     20          6           0        0.722229   -1.655727   -0.340846 
     21          6           0        2.125842   -1.593004   -0.569534 
     22          6           0        2.782474   -0.337976   -0.661763 
     23          6           0        4.163959   -0.283371   -0.871492 
     24          6           0        4.914207   -1.465109   -0.994875 
     25          6           0        4.272439   -2.711965   -0.905666 
     26          6           0        2.891134   -2.780892   -0.694305 
     27          1           0       -3.757357    1.071966   -1.956020 
     28          1           0       -2.944749    3.236411   -2.781683 
     29          1           0       -0.835799    4.281483   -1.878266 
     30          1           0        2.195671    4.045825    0.533592 
     31          1           0        3.388231    2.794380    2.362420 
     32          1           0        2.507438    0.681640    3.258771 
     33          1           0        0.390165   -0.345751    2.361700 
     34          1           0       -1.823526   -3.780557    0.726662 
     35          1           0       -4.269847   -3.947291    1.171467 
     36          1           0       -5.733277   -1.940968    0.826295 
     37          1           0       -4.727776    0.205015    0.069270 
     38          1           0        2.202756    0.575902   -0.551847 
     39          1           0        4.657325    0.687546   -0.933990 
     40          1           0        5.991725   -1.415535   -1.157727 
     41          1           0        4.850298   -3.632402   -1.000753 
     42          1           0        2.387879   -3.745228   -0.623537 
 --------------------------------------------------------------------- 
Au(johnphos) (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         79           0        1.033909   -1.238710   -0.000312 
      2         15           0       -1.061246   -0.309656   -0.000024 
      3          6           0       -1.044284    1.536759    0.000185 
      4          6           0       -1.851363   -0.878510    1.640297 
      5          6           0       -1.851503   -0.878172   -1.640355 
      6          6           0        0.121790    2.355743    0.000259 
      7          6           0       -2.317081    2.159665    0.000242 
      8          6           0       -3.298334   -0.373262    1.843411 
      9          6           0       -1.830573   -2.420640    1.724170 
     10          6           0       -0.952286   -0.286481    2.753330 
     11          6           0       -1.830886   -2.420276   -1.724343 
     12          6           0       -3.298408   -0.372682   -1.843329 
     13          6           0       -0.952363   -0.286132   -2.753332 
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     14          6           0       -0.032177    3.756398    0.000400 
     15          6           0        1.511316    1.810093    0.000260 
     16          6           0       -2.444850    3.554113    0.000398 
     17          1           0       -3.222604    1.560810    0.000152 
     18          1           0       -3.662980   -0.806216    2.786937 
     19          1           0       -3.341947    0.717358    1.942738 
     20          1           0       -3.976865   -0.700003    1.045432 
     21          1           0       -2.120485   -2.702932    2.747296 
     22          1           0       -2.548487   -2.880942    1.035217 
     23          1           0       -0.830894   -2.834252    1.527537 
     24          1           0        0.070327   -0.688002    2.706932 
     25          1           0       -0.909396    0.810276    2.701219 
     26          1           0       -1.387381   -0.568767    3.723737 
     27          1           0       -0.831290   -2.834004   -1.527516 
     28          1           0       -2.549015   -2.880532   -1.035578 
     29          1           0       -2.120617   -2.702466   -2.747549 
     30          1           0       -3.341892    0.717941   -1.942500 
     31          1           0       -3.663148   -0.805452   -2.786904 
     32          1           0       -3.976955   -0.699442   -1.045378 
     33          1           0       -0.909220    0.810607   -2.701020 
     34          1           0        0.070165   -0.687881   -2.707049 
     35          1           0       -1.387578   -0.568141   -3.723766 
     36          6           0       -1.297241    4.357771    0.000473 
     37          1           0        0.866347    4.373681    0.000445 
     38          6           0        2.160396    1.523032    1.219159 
     39          6           0        2.160408    1.522860   -1.218596 
     40          1           0       -3.438217    4.002390    0.000452 
     41          1           0       -1.384041    5.444268    0.000577 
     42          6           0        3.406791    0.873205    1.219529 
     43          1           0        1.667551    1.768530    2.159648 
     44          6           0        3.406802    0.873026   -1.218860 
     45          1           0        1.667575    1.768226   -2.159127 
     46          6           0        4.020737    0.525684    0.000363 
     47          1           0        3.896903    0.638234    2.164546 
     48          1           0        3.896925    0.637911   -2.163835 
     49          1           0        4.985744    0.018543    0.000409 
 --------------------------------------------------------------------- 
 
Int1-J (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        1.817747   -3.006355   -1.004047 
      2          6           0        2.146315   -2.919205   -2.357087 
      3          6           0        3.163376   -2.039787   -2.839668 
      4          6           0        3.819265   -1.306142   -1.871836 
      5          6           0        3.492053   -1.400487   -0.483777 
      6          6           0        2.477095   -2.218157    0.002844 
      7          6           0        4.841014   -0.243337   -1.555685 
      8          6           0        4.517647   -0.344940   -0.166234 
      9          6           0        5.776111    0.654833   -2.034076 
     10          6           0        6.408651    1.471468   -1.049196 
     11          6           0        6.097878    1.367819    0.312620 
     12          6           0        5.127991    0.440211    0.795439 
     13          6           0        2.145381   -2.276376    1.443427 
     14          6           0        0.806466   -2.402095    1.938493 
     15          6           0        0.550065   -2.403167    3.332344 
     16          6           0        1.601077   -2.294843    4.245268 
     17          6           0        2.919381   -2.167909    3.770828 
     18          6           0        3.179961   -2.159725    2.394811 
     19          6           0       -0.304416   -2.422105    1.040011 
     20          6           0       -1.198887   -2.507192    0.168934 
     21          6           0       -2.173699   -3.039705   -0.741565 
     22          6           0       -2.290955   -2.508361   -2.046844 
     23          6           0       -3.258432   -3.013512   -2.921360 
     24          6           0       -4.119368   -4.042730   -2.501220 
     25          6           0       -4.000569   -4.577159   -1.205701 
     26          6           0       -3.032322   -4.083373   -0.323934 
     27          1           0        1.063167   -3.726295   -0.697172 
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     28          1           0        1.618177   -3.559760   -3.064282 
     29          1           0        3.394380   -1.978280   -3.903157 
     30          1           0        6.033132    0.750917   -3.089266 
     31          1           0        7.161540    2.193969   -1.366025 
     32          1           0        6.616791    2.010602    1.024561 
     33          1           0        4.893679    0.374540    1.857767 
     34          1           0       -0.481681   -2.479047    3.675132 
     35          1           0        1.397624   -2.306130    5.315749 
     36          1           0        3.747014   -2.085643    4.475952 
     37          1           0        4.205792   -2.078923    2.036695 
     38          1           0       -1.628176   -1.697692   -2.348689 
     39          1           0       -3.346714   -2.602886   -3.927465 
     40          1           0       -4.878363   -4.429826   -3.181304 
     41          1           0       -4.664291   -5.379406   -0.882779 
     42          1           0       -2.938619   -4.484974    0.684476 
     43         79           0       -0.696525   -0.272740    0.143642 
     44         15           0       -0.245610    1.980498   -0.138874 
     45          6           0       -1.697065    3.113573   -0.077948 
     46          6           0       -3.025786    2.682924    0.192633 
     47          6           0       -1.466363    4.489587   -0.320044 
     48          6           0       -4.071126    3.630012    0.146123 
     49          6           0       -2.513985    5.417077   -0.340200 
     50          1           0       -0.458562    4.848398   -0.502758 
     51          6           0       -3.828585    4.982139   -0.122306 
     52          1           0       -5.086382    3.287142    0.347539 
     53          1           0       -2.300432    6.469247   -0.528953 
     54          1           0       -4.656766    5.690818   -0.145246 
     55          6           0       -3.406121    1.294709    0.590783 
     56          6           0       -3.978057    0.404683   -0.340209 
     57          6           0       -3.254263    0.887159    1.932580 
     58          6           0       -4.369881   -0.881314    0.060220 
     59          1           0       -4.103251    0.722476   -1.375857 
     60          6           0       -3.642235   -0.401356    2.328870 
     61          1           0       -2.833107    1.584202    2.656499 
     62          6           0       -4.198163   -1.286737    1.392363 
     63          1           0       -4.792552   -1.571524   -0.668901 
     64          1           0       -3.521243   -0.707231    3.368951 
     65          1           0       -4.500019   -2.288768    1.696774 
     66          6           0        0.529312    2.144384   -1.868614 
     67          6           0        0.921394    2.490693    1.284865 
     68          6           0        1.863909    1.311707    1.623662 
     69          1           0        1.312051    0.464507    2.052258 
     70          1           0        2.424546    0.955696    0.754676 
     71          1           0        2.587949    1.659235    2.376513 
     72          6           0        1.774206    3.735262    0.963194 
     73          1           0        1.164083    4.617188    0.732550 
     74          1           0        2.373035    3.974646    1.855532 
     75          1           0        2.470866    3.547118    0.135908 
     76          6           0        0.020128    2.760183    2.510265 
     77          1           0       -0.637102    3.626410    2.357744 
     78          1           0       -0.597818    1.879557    2.739795 
     79          1           0        0.667840    2.959864    3.377818 
     80          6           0        0.812014    3.582471   -2.354178 
     81          1           0        1.342916    3.507595   -3.315671 
     82          1           0       -0.116284    4.139665   -2.530011 
     83          1           0        1.448326    4.149179   -1.664348 
     84          6           0        1.836240    1.325663   -1.867511 
     85          1           0        2.213750    1.271262   -2.899594 
     86          1           0        2.617814    1.790145   -1.253036 
     87          1           0        1.675336    0.298693   -1.515223 
     88          6           0       -0.482685    1.496806   -2.846705 
     89          1           0       -0.607666    0.423224   -2.645042 
     90          1           0       -1.466548    1.985971   -2.795472 
     91          1           0       -0.094874    1.609309   -3.871055 
 --------------------------------------------------------------------- 
 
TS1-J (NIMGA = 1, 333.61i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 




      1          6           0        4.331817    2.412664   -1.371920 
      2          6           0        5.080634    1.674677   -2.302917 
      3          6           0        5.398502    0.296199   -2.124140 
      4          6           0        4.869667   -0.299804   -0.995401 
      5          6           0        3.989706    0.410064   -0.073871 
      6          6           0        3.807552    1.818648   -0.195290 
      7          6           0        5.032960   -1.409254   -0.021351 
      8          6           0        4.312031   -0.672177    0.956346 
      9          6           0        5.600893   -2.647997    0.254452 
     10          6           0        5.412049   -3.123353    1.577411 
     11          6           0        4.710209   -2.379615    2.542997 
     12          6           0        4.133916   -1.110956    2.254223 
     13          6           0        2.966013    2.544340    0.757254 
     14          6           0        1.725242    1.955528    1.162107 
     15          6           0        0.900955    2.667666    2.053625 
     16          6           0        1.283391    3.924408    2.545622 
     17          6           0        2.491460    4.506459    2.130080 
     18          6           0        3.322306    3.820257    1.231028 
     19          6           0        1.296623    0.700163    0.542366 
     20          6           0        2.020317   -0.078192   -0.233036 
     21         79           0       -0.713815    0.028989    0.521535 
     22          6           0        1.948076   -1.354089   -0.915368 
     23          6           0        1.621711   -2.514057   -0.173231 
     24          6           0        1.486050   -3.746841   -0.821985 
     25          6           0        1.690125   -3.836813   -2.209252 
     26          6           0        2.033143   -2.689795   -2.949162 
     27          6           0        2.167695   -1.454123   -2.306819 
     28          1           0        4.129379    3.467306   -1.558432 
     29          1           0        5.461466    2.189799   -3.186297 
     30          1           0        6.079399   -0.211543   -2.806545 
     31          1           0        6.163518   -3.226873   -0.477855 
     32          1           0        5.826946   -4.091574    1.858004 
     33          1           0        4.595739   -2.795011    3.544874 
     34          1           0        3.584842   -0.548942    3.009193 
     35          1           0       -0.056832    2.230950    2.336453 
     36          1           0        0.631528    4.455251    3.239997 
     37          1           0        2.787341    5.487417    2.501770 
     38          1           0        4.272477    4.255039    0.918847 
     39          1           0        1.465031   -2.418459    0.899933 
     40          1           0        1.227570   -4.636345   -0.246793 
     41          1           0        1.588752   -4.798191   -2.713888 
     42          1           0        2.192671   -2.762794   -4.025335 
     43          1           0        2.439482   -0.560264   -2.866006 
     44         15           0       -2.908691   -0.730767    0.466025 
     45          6           0       -4.044524    0.232219   -0.628410 
     46          6           0       -3.604149   -0.591263    2.242267 
     47          6           0       -2.877648   -2.505915   -0.211238 
     48          6           0       -3.620589    1.327649   -1.433577 
     49          6           0       -5.422190   -0.092755   -0.602888 
     50          6           0       -4.842129   -1.459271    2.550176 
     51          6           0       -2.487969   -0.975363    3.248053 
     52          6           0       -3.935524    0.906729    2.437824 
     53          6           0       -2.091947   -3.386659    0.783270 
     54          6           0       -4.268962   -3.116322   -0.479249 
     55          6           0       -2.106463   -2.438000   -1.552270 
     56          6           0       -4.592418    2.069702   -2.139463 
     57          6           0       -2.200201    1.749988   -1.631338 
     58          6           0       -6.368998    0.647203   -1.319828 
     59          1           0       -5.765137   -0.942975   -0.022156 
     60          1           0       -5.129084   -1.281015    3.598296 
     61          1           0       -5.709527   -1.203956    1.931062 
     62          1           0       -4.623708   -2.530300    2.444760 
     63          1           0       -2.904987   -0.894140    4.264148 
     64          1           0       -2.129378   -2.001745    3.106683 
     65          1           0       -1.627387   -0.296096    3.175464 
     66          1           0       -3.061073    1.534694    2.204142 
     67          1           0       -4.775655    1.225526    1.807227 
     68          1           0       -4.205593    1.071223    3.492519 
     69          1           0       -1.116520   -2.940369    1.025491 
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     70          1           0       -2.654208   -3.550186    1.712662 
     71          1           0       -1.917317   -4.369000    0.317230 
     72          1           0       -4.800961   -2.566399   -1.265819 
     73          1           0       -4.125567   -4.150496   -0.829383 
     74          1           0       -4.896932   -3.149541    0.419363 
     75          1           0       -2.610502   -1.770879   -2.265926 
     76          1           0       -1.071331   -2.097643   -1.415054 
     77          1           0       -2.081391   -3.449249   -1.987825 
     78          6           0       -5.952840    1.745555   -2.084659 
     79          1           0       -4.256446    2.908605   -2.749777 
     80          6           0       -1.681320    2.869926   -0.949259 
     81          6           0       -1.382083    1.069255   -2.556251 
     82          1           0       -7.421492    0.366362   -1.275913 
     83          1           0       -6.678022    2.338503   -2.642674 
     84          6           0       -0.354577    3.275567   -1.158588 
     85          1           0       -2.316648    3.403445   -0.241386 
     86          6           0       -0.059197    1.481646   -2.767988 
     87          1           0       -1.783748    0.211934   -3.095210 
     88          6           0        0.459013    2.579265   -2.064835 
     89          1           0        0.046048    4.124314   -0.604571 
     90          1           0        0.565236    0.940011   -3.478745 
     91          1           0        1.493846    2.886007   -2.217228 
 --------------------------------------------------------------------- 
 
Int2-J (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.520094    2.442742   -1.211583 
      2          6           0        5.187300    1.735213   -2.230813 
      3          6           0        5.295550    0.322743   -2.244949 
      4          6           0        4.626416   -0.364095   -1.246683 
      5          6           0        3.649741    0.312034   -0.277472 
      6          6           0        3.754687    1.795967   -0.224857 
      7          6           0        4.993441   -1.410205   -0.302995 
      8          6           0        4.441638   -0.616042    0.722624 
      9          6           0        5.792554   -2.528838   -0.037526 
     10          6           0        6.004158   -2.796680    1.327228 
     11          6           0        5.486148   -1.960531    2.346677 
     12          6           0        4.710757   -0.810433    2.069347 
     13          6           0        2.912729    2.486260    0.715018 
     14          6           0        1.714382    1.823004    1.166558 
     15          6           0        0.900099    2.517784    2.089837 
     16          6           0        1.231362    3.797852    2.542839 
     17          6           0        2.388479    4.453885    2.066115 
     18          6           0        3.211074    3.806094    1.149215 
     19          6           0        1.285914    0.539376    0.588853 
     20          6           0        2.178395   -0.183931   -0.152235 
     21         79           0       -0.734975   -0.020409    0.581723 
     22          6           0        1.896167   -1.536072   -0.688333 
     23          6           0        1.390460   -2.548625    0.156249 
     24          6           0        1.080998   -3.816228   -0.355301 
     25          6           0        1.267640   -4.088830   -1.719803 
     26          6           0        1.774676   -3.089493   -2.569407 
     27          6           0        2.100191   -1.828154   -2.053242 
     28          1           0        4.528716    3.531492   -1.243272 
     29          1           0        5.721139    2.308266   -2.990870 
     30          1           0        6.013965   -0.171429   -2.899067 
     31          1           0        6.232787   -3.149946   -0.816657 
     32          1           0        6.599168   -3.663109    1.615497 
     33          1           0        5.681069   -2.224997    3.386651 
     34          1           0        4.321582   -0.170276    2.859727 
     35          1           0       -0.016123    2.035879    2.430985 
     36          1           0        0.582658    4.300176    3.261592 
     37          1           0        2.641376    5.452662    2.420947 
     38          1           0        4.127305    4.286564    0.804738 
     39          1           0        1.233623   -2.314870    1.208833 
     40          1           0        0.693001   -4.588597    0.309315 
     41          1           0        1.025871   -5.074008   -2.120155 
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     42          1           0        1.913958   -3.294103   -3.631675 
     43          1           0        2.492448   -1.054002   -2.714093 
     44         15           0       -2.978157   -0.646991    0.461985 
     45          6           0       -4.016546    0.339147   -0.710254 
     46          6           0       -3.741975   -0.401343    2.200216 
     47          6           0       -3.058310   -2.444070   -0.147903 
     48          6           0       -3.492991    1.367813   -1.544451 
     49          6           0       -5.413720    0.112691   -0.721055 
     50          6           0       -5.045855   -1.172850    2.491273 
     51          6           0       -2.694074   -0.819665    3.264432 
     52          6           0       -3.979396    1.121034    2.334281 
     53          6           0       -2.371645   -3.337185    0.907152 
     54          6           0       -4.475238   -2.973383   -0.449339 
     55          6           0       -2.235695   -2.479025   -1.459271 
     56          6           0       -4.387923    2.146951   -2.310324 
     57          6           0       -2.041916    1.684882   -1.717809 
     58          6           0       -6.284272    0.885889   -1.497289 
     59          1           0       -5.832604   -0.687545   -0.119840 
     60          1           0       -5.357858   -0.937473    3.521134 
     61          1           0       -5.872084   -0.884550    1.831609 
     62          1           0       -4.897271   -2.259277    2.431706 
     63          1           0       -3.141677   -0.667868    4.259551 
     64          1           0       -2.404719   -1.873560    3.177131 
     65          1           0       -1.784590   -0.207121    3.198286 
     66          1           0       -3.054090    1.679733    2.121691 
     67          1           0       -4.766861    1.473663    1.655361 
     68          1           0       -4.284637    1.339757    3.369642 
     69          1           0       -1.379471   -2.946139    1.173584 
     70          1           0       -2.980228   -3.428508    1.817103 
     71          1           0       -2.244938   -4.345909    0.483532 
     72          1           0       -4.941829   -2.417778   -1.272810 
     73          1           0       -4.387935   -4.026228   -0.760975 
     74          1           0       -5.136981   -2.935720    0.424721 
     75          1           0       -2.678974   -1.819440   -2.219058 
     76          1           0       -1.189940   -2.187100   -1.296944 
     77          1           0       -2.249514   -3.508640   -1.850438 
     78          6           0       -5.768867    1.921229   -2.288921 
     79          1           0       -3.974750    2.934442   -2.941603 
     80          6           0       -1.476677    2.818025   -1.097651 
     81          6           0       -1.239915    0.897881   -2.569114 
     82          1           0       -7.354790    0.679989   -1.478150 
     83          1           0       -6.432706    2.540114   -2.893363 
     84          6           0       -0.126321    3.138342   -1.299390 
     85          1           0       -2.097845    3.431899   -0.444561 
     86          6           0        0.108074    1.223188   -2.772752 
     87          1           0       -1.674072    0.026551   -3.057401 
     88          6           0        0.668016    2.340251   -2.135799 
     89          1           0        0.306147    4.003062   -0.795500 
     90          1           0        0.718550    0.597884   -3.424598 
     91          1           0        1.719643    2.585639   -2.286530 
 --------------------------------------------------------------------- 
 
TS2-J (NIMGA = 1, 401.48i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.843760    2.469939   -0.954586 
      2          6           0        5.725926    1.745007   -1.744472 
      3          6           0        5.785572    0.311441   -1.670737 
      4          6           0        4.803527   -0.339557   -0.968679 
      5          6           0        3.678789    0.409827   -0.353360 
      6          6           0        3.826129    1.833161   -0.172198 
      7          6           0        4.819027   -1.470086   -0.021151 
      8          6           0        3.916559   -0.897468    0.888005 
      9          6           0        5.559660   -2.586715    0.362966 
     10          6           0        5.332414   -3.077274    1.673179 
     11          6           0        4.451414   -2.440248    2.564037 
     12          6           0        3.704518   -1.288115    2.190145 
     13          6           0        2.896443    2.493105    0.692370 
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     14          6           0        1.731173    1.760507    1.161506 
     15          6           0        0.862950    2.427134    2.079809 
     16          6           0        1.094889    3.729234    2.491018 
     17          6           0        2.207231    4.454106    1.983419 
     18          6           0        3.083233    3.847369    1.098160 
     19          6           0        1.356645    0.484757    0.597259 
     20          6           0        2.315655   -0.214995   -0.164842 
     21         79           0       -0.651997   -0.096731    0.519249 
     22          6           0        1.967558   -1.442009   -0.934977 
     23          6           0        1.380244   -2.552777   -0.296540 
     24          6           0        1.003656   -3.677172   -1.040228 
     25          6           0        1.205182   -3.700053   -2.430774 
     26          6           0        1.795471   -2.598029   -3.071807 
     27          6           0        2.189268   -1.478641   -2.325036 
     28          1           0        4.898647    3.557185   -0.963260 
     29          1           0        6.458620    2.278119   -2.350473 
     30          1           0        6.663309   -0.219650   -2.039317 
     31          1           0        6.309371   -3.040749   -0.284852 
     32          1           0        5.870345   -3.963715    2.008575 
     33          1           0        4.306311   -2.853794    3.562528 
     34          1           0        2.991672   -0.806292    2.856301 
     35          1           0       -0.009242    1.883696    2.442713 
     36          1           0        0.416489    4.206280    3.199063 
     37          1           0        2.380892    5.481258    2.304440 
     38          1           0        3.958525    4.394593    0.750649 
     39          1           0        1.223538   -2.516157    0.780859 
     40          1           0        0.551851   -4.532639   -0.538046 
     41          1           0        0.910029   -4.574536   -3.011501 
     42          1           0        1.953606   -2.612549   -4.150657 
     43          1           0        2.659779   -0.627082   -2.815980 
     44         15           0       -2.912146   -0.677635    0.415405 
     45          6           0       -3.963789    0.435082   -0.623125 
     46          6           0       -3.598790   -0.555677    2.199555 
     47          6           0       -3.062965   -2.411534   -0.340773 
     48          6           0       -3.445919    1.530533   -1.372021 
     49          6           0       -5.365859    0.242112   -0.597324 
     50          6           0       -4.920461   -1.301355    2.476390 
     51          6           0       -2.531435   -1.101014    3.183898 
     52          6           0       -3.771186    0.957790    2.468254 
     53          6           0       -2.343772   -3.405172    0.596656 
     54          6           0       -4.503621   -2.890288   -0.613424 
     55          6           0       -2.310282   -2.342104   -1.691581 
     56          6           0       -4.350073    2.406828   -2.011798 
     57          6           0       -1.995439    1.823296   -1.582205 
     58          6           0       -6.245524    1.110892   -1.252823 
     59          1           0       -5.782355   -0.604713   -0.061784 
     60          1           0       -5.186354   -1.140616    3.533123 
     61          1           0       -5.757550   -0.930288    1.874507 
     62          1           0       -4.815303   -2.383779    2.323889 
     63          1           0       -2.936851   -1.015469    4.204565 
     64          1           0       -2.290197   -2.154627    3.000044 
     65          1           0       -1.600119   -0.520452    3.133990 
     66          1           0       -2.834801    1.500191    2.261915 
     67          1           0       -4.571291    1.393072    1.855377 
     68          1           0       -4.025810    1.099409    3.530298 
     69          1           0       -1.333321   -3.054278    0.850651 
     70          1           0       -2.911369   -3.568814    1.522895 
     71          1           0       -2.256825   -4.374151    0.080340 
     72          1           0       -4.999247   -2.257898   -1.360954 
     73          1           0       -4.453005   -3.912815   -1.019571 
     74          1           0       -5.119988   -2.919461    0.293369 
     75          1           0       -2.794528   -1.628044   -2.372852 
     76          1           0       -1.257457   -2.059615   -1.563407 
     77          1           0       -2.345465   -3.338055   -2.160727 
     78          6           0       -5.734613    2.212047   -1.953398 
     79          1           0       -3.941378    3.244784   -2.577550 
     80          6           0       -1.382629    2.913731   -0.931328 
     81          6           0       -1.240319    1.057781   -2.494144 
     82          1           0       -7.319486    0.928030   -1.209931 
     83          1           0       -6.405369    2.905744   -2.461166 
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     84          6           0       -0.032740    3.212225   -1.163841 
     85          1           0       -1.966388    3.510677   -0.229750 
     86          6           0        0.108927    1.360646   -2.727519 
     87          1           0       -1.710603    0.220883   -3.007683 
     88          6           0        0.715860    2.434509   -2.059958 
     89          1           0        0.438314    4.039984   -0.633734 
     90          1           0        0.681569    0.752025   -3.426784 
     91          1           0        1.767781    2.663867   -2.233751 
 --------------------------------------------------------------------- 
 
Int3-J (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -5.235286    0.122506    2.463470 
      2          6           0       -5.880615    1.344308    2.214547 
      3          6           0       -5.411557    2.242207    1.233181 
      4          6           0       -4.304739    1.866038    0.454540 
      5          6           0       -3.729917    0.603704    0.657573 
      6          6           0       -4.115759   -0.261768    1.681878 
      7          6           0       -3.465394    2.583312   -0.516336 
      8          6           0       -2.377933    1.748272   -0.894324 
      9          6           0       -3.573810    3.889870   -1.012972 
     10          6           0       -2.583333    4.367896   -1.886413 
     11          6           0       -1.504875    3.546446   -2.256317 
     12          6           0       -1.403826    2.229302   -1.769291 
     13          6           0       -3.245644   -1.418195    1.926981 
     14          6           0       -1.925113   -1.446143    1.320774 
     15          6           0       -1.032746   -2.495812    1.691917 
     16          6           0       -1.420231   -3.509537    2.564171 
     17          6           0       -2.718098   -3.491450    3.112513 
     18          6           0       -3.609553   -2.455349    2.802718 
     19          6           0       -1.480700   -0.460915    0.353495 
     20          6           0       -2.578141    0.357071   -0.277358 
     21         79           0        0.496600   -0.017440    0.050455 
     22          6           0       -2.922002   -0.692879   -1.408845 
     23          6           0       -2.009009   -0.892722   -2.464116 
     24          6           0       -2.307457   -1.787820   -3.500813 
     25          6           0       -3.506494   -2.513319   -3.483519 
     26          6           0       -4.406399   -2.337685   -2.417237 
     27          6           0       -4.114009   -1.444598   -1.379296 
     28          1           0       -5.577364   -0.504623    3.286081 
     29          1           0       -6.736971    1.624998    2.827878 
     30          1           0       -5.882551    3.218094    1.112300 
     31          1           0       -4.410056    4.526193   -0.721228 
     32          1           0       -2.650526    5.382934   -2.278674 
     33          1           0       -0.736203    3.929522   -2.928205 
     34          1           0       -0.560804    1.611909   -2.069793 
     35          1           0       -0.043022   -2.513553    1.239340 
     36          1           0       -0.728558   -4.313357    2.815628 
     37          1           0       -3.033167   -4.284255    3.792087 
     38          1           0       -4.602846   -2.454257    3.249797 
     39          1           0       -1.063277   -0.361489   -2.470124 
     40          1           0       -1.597605   -1.920734   -4.317713 
     41          1           0       -3.740742   -3.208834   -4.289787 
     42          1           0       -5.346741   -2.889369   -2.398523 
     43          1           0       -4.828071   -1.311730   -0.570311 
     44         15           0        2.621800    0.958574    0.411953 
     45          6           0        4.108066   -0.079556    0.059493 
     46          6           0        2.657982    1.284052    2.303035 
     47          6           0        2.765042    2.526795   -0.645145 
     48          6           0        4.017069   -1.414244   -0.426924 
     49          6           0        5.383224    0.421716    0.415122 
     50          6           0        3.752199    2.257270    2.786687 
     51          6           0        1.285280    1.831721    2.774801 
     52          6           0        2.863605   -0.109843    2.942870 
     53          6           0        1.644109    3.499664   -0.218650 
     54          6           0        4.129652    3.245142   -0.588503 
     55          6           0        2.528407    2.065455   -2.103356 
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     56          6           0        5.185256   -2.205694   -0.477966 
     57          6           0        2.769231   -2.040756   -0.947616 
     58          6           0        6.534949   -0.369674    0.334221 
     59          1           0        5.484988    1.445192    0.760430 
     60          1           0        3.671161    2.339582    3.881808 
     61          1           0        4.764758    1.903023    2.564534 
     62          1           0        3.615693    3.264029    2.369953 
     63          1           0        1.355782    2.018668    3.857705 
     64          1           0        1.010662    2.772219    2.284566 
     65          1           0        0.477189    1.106462    2.610934 
     66          1           0        2.092718   -0.817053    2.597800 
     67          1           0        3.853946   -0.524236    2.712377 
     68          1           0        2.771946   -0.009052    4.035434 
     69          1           0        0.662608    3.007810   -0.177406 
     70          1           0        1.861892    3.953957    0.757162 
     71          1           0        1.586134    4.312007   -0.959572 
     72          1           0        4.930048    2.621426   -1.006205 
     73          1           0        4.059382    4.156060   -1.203212 
     74          1           0        4.405798    3.548262    0.428804 
     75          1           0        3.322696    1.381174   -2.434805 
     76          1           0        1.559336    1.562554   -2.221507 
     77          1           0        2.545195    2.950362   -2.758465 
     78          6           0        6.433128   -1.699511   -0.097306 
     79          1           0        5.100733   -3.227522   -0.849224 
     80          6           0        2.184211   -3.138599   -0.286220 
     81          6           0        2.204607   -1.592660   -2.162204 
     82          1           0        7.500733    0.051231    0.614393 
     83          1           0        7.318795   -2.332867   -0.153132 
     84          6           0        1.040078   -3.758211   -0.813343 
     85          1           0        2.630980   -3.498511    0.641693 
     86          6           0        1.061163   -2.213459   -2.683799 
     87          1           0        2.668879   -0.761239   -2.689846 
     88          6           0        0.469771   -3.291204   -2.007151 
     89          1           0        0.592857   -4.604582   -0.290913 
     90          1           0        0.636567   -1.857952   -3.622361 
     91          1           0       -0.427659   -3.760194   -2.408743 
 --------------------------------------------------------------------- 
 
TS3-J (NIMGA = 1, 312.25i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        5.453855   -0.464732   -2.243133 
      2          6           0        6.279178    0.629555   -1.951438 
      3          6           0        5.881876    1.654578   -1.059906 
      4          6           0        4.645271    1.528024   -0.423222 
      5          6           0        3.864474    0.380813   -0.667538 
      6          6           0        4.191470   -0.603169   -1.605662 
      7          6           0        3.836297    2.438236    0.405665 
      8          6           0        2.564544    1.839504    0.642445 
      9          6           0        4.108911    3.735203    0.854657 
     10          6           0        3.100633    4.446055    1.530143 
     11          6           0        1.835665    3.869582    1.735666 
     12          6           0        1.562144    2.561776    1.293668 
     13          6           0        3.178554   -1.633947   -1.880196 
     14          6           0        1.900641   -1.572965   -1.217654 
     15          6           0        0.942943   -2.569704   -1.517820 
     16          6           0        1.206104   -3.592006   -2.431387 
     17          6           0        2.454693   -3.645538   -3.076996 
     18          6           0        3.422252   -2.677008   -2.801143 
     19          6           0        1.533468   -0.500379   -0.236503 
     20          6           0        2.589697    0.445171    0.066483 
     21         79           0       -0.500993    0.046160   -0.072328 
     22          6           0        2.434322   -0.779838    1.335315 
     23          6           0        1.763552   -0.401060    2.520753 
     24          6           0        2.086282   -1.008098    3.736132 
     25          6           0        3.060278   -2.019201    3.785551 
     26          6           0        3.711227   -2.421455    2.604780 
     27          6           0        3.409131   -1.804599    1.389004 
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     28          1           0        5.787604   -1.193091   -2.980282 
     29          1           0        7.242108    0.711135   -2.456309 
     30          1           0        6.517407    2.526924   -0.906588 
     31          1           0        5.080473    4.194047    0.669045 
     32          1           0        3.297030    5.458926    1.882538 
     33          1           0        1.053500    4.441001    2.236116 
     34          1           0        0.570986    2.139826    1.442511 
     35          1           0       -0.016951   -2.537407   -1.007089 
     36          1           0        0.446061   -4.345650   -2.639657 
     37          1           0        2.671809   -4.440074   -3.791376 
     38          1           0        4.385064   -2.732033   -3.306850 
     39          1           0        0.990522    0.358200    2.482487 
     40          1           0        1.567382   -0.699902    4.643695 
     41          1           0        3.308910   -2.493244    4.735307 
     42          1           0        4.464645   -3.208430    2.633271 
     43          1           0        3.929271   -2.113806    0.487055 
     44         15           0       -2.622616    0.944104   -0.507111 
     45          6           0       -4.104624   -0.055983   -0.039008 
     46          6           0       -2.685921    1.090817   -2.421241 
     47          6           0       -2.767791    2.613702    0.385378 
     48          6           0       -4.009054   -1.329995    0.588477 
     49          6           0       -5.382699    0.398788   -0.444179 
     50          6           0       -3.779185    2.024612   -2.979587 
     51          6           0       -1.315864    1.581295   -2.960158 
     52          6           0       -2.907775   -0.354556   -2.926940 
     53          6           0       -1.683329    3.558395   -0.176949 
     54          6           0       -4.149073    3.295859    0.295445 
     55          6           0       -2.479788    2.318265    1.877448 
     56          6           0       -5.173520   -2.116522    0.724350 
     57          6           0       -2.759445   -1.888079    1.179218 
     58          6           0       -6.530863   -0.384564   -0.279670 
     59          1           0       -5.490245    1.380470   -0.893000 
     60          1           0       -3.704031    2.013935   -4.078168 
     61          1           0       -4.792199    1.695411   -2.723893 
     62          1           0       -3.636773    3.062430   -2.649902 
     63          1           0       -1.401276    1.671684   -4.054347 
     64          1           0       -1.026357    2.559070   -2.559465 
     65          1           0       -0.511696    0.865333   -2.743658 
     66          1           0       -2.132789   -1.030047   -2.531718 
     67          1           0       -3.895476   -0.741153   -2.643047 
     68          1           0       -2.834123   -0.354902   -4.025546 
     69          1           0       -0.695108    3.079161   -0.209630 
     70          1           0       -1.942332    3.906280   -1.185852 
     71          1           0       -1.616826    4.443569    0.474975 
     72          1           0       -4.924590    2.698758    0.791521 
     73          1           0       -4.085516    4.264013    0.816343 
     74          1           0       -4.456322    3.491923   -0.739104 
     75          1           0       -3.243948    1.651597    2.301862 
     76          1           0       -1.494602    1.853515    2.023221 
     77          1           0       -2.506965    3.267585    2.435125 
     78          6           0       -6.423443   -1.660563    0.290659 
     79          1           0       -5.083967   -3.092218    1.203055 
     80          6           0       -2.132008   -3.014313    0.612523 
     81          6           0       -2.235900   -1.336647    2.367023 
     82          1           0       -7.498414    0.000296   -0.602476 
     83          1           0       -7.306205   -2.288674    0.412968 
     84          6           0       -0.978554   -3.555986    1.201831 
     85          1           0       -2.547861   -3.453714   -0.295292 
     86          6           0       -1.086930   -1.881455    2.953858 
     87          1           0       -2.735267   -0.483032    2.823031 
     88          6           0       -0.446235   -2.983635    2.366128 
     89          1           0       -0.492939   -4.420045    0.747392 
     90          1           0       -0.693379   -1.449070    3.872953 
     91          1           0        0.458292   -3.392199    2.815754 
 --------------------------------------------------------------------- 
 
Int4-J (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 




      1          6           0        2.566704    1.398765   -3.566304 
      2          6           0        2.467739    2.794535   -3.506852 
      3          6           0        2.337767    3.499023   -2.280941 
      4          6           0        2.287464    2.760742   -1.100039 
      5          6           0        2.379285    1.351271   -1.182541 
      6          6           0        2.535033    0.625052   -2.372430 
      7          6           0        2.131986    3.097397    0.325227 
      8          6           0        2.138515    1.885426    1.087427 
      9          6           0        1.973241    4.330720    0.966918 
     10          6           0        1.820900    4.352731    2.365844 
     11          6           0        1.821239    3.158916    3.111041 
     12          6           0        1.974061    1.912507    2.477874 
     13          6           0        2.690561   -0.822545   -2.247708 
     14          6           0        2.691413   -1.429487   -0.934650 
     15          6           0        2.986616   -2.810549   -0.820816 
     16          6           0        3.233995   -3.590177   -1.947707 
     17          6           0        3.169807   -3.013189   -3.233464 
     18          6           0        2.906111   -1.650817   -3.374334 
     19          6           0        2.405353   -0.639699    0.274014 
     20          6           0        2.261175    0.756153    0.130710 
     21         79           0       -0.066151   -0.025583    0.006444 
     22          6           0        2.542786   -1.241933    1.637245 
     23          6           0        3.682596   -0.932641    2.405323 
     24          6           0        3.822655   -1.456115    3.698826 
     25          6           0        2.825865   -2.288953    4.235047 
     26          6           0        1.693589   -2.607803    3.468009 
     27          6           0        1.556024   -2.093045    2.170422 
     28          1           0        2.684743    0.918631   -4.536730 
     29          1           0        2.504870    3.362143   -4.437124 
     30          1           0        2.278807    4.587832   -2.280870 
     31          1           0        1.971285    5.259958    0.395851 
     32          1           0        1.702386    5.307516    2.878854 
     33          1           0        1.700623    3.199774    4.193793 
     34          1           0        1.964118    0.989844    3.054230 
     35          1           0        3.013690   -3.259837    0.169682 
     36          1           0        3.470374   -4.648518   -1.835052 
     37          1           0        3.348087   -3.625374   -4.117731 
     38          1           0        2.894142   -1.210126   -4.370357 
     39          1           0        4.446406   -0.274120    1.990591 
     40          1           0        4.707306   -1.212090    4.287677 
     41          1           0        2.934689   -2.690504    5.242933 
     42          1           0        0.919397   -3.259257    3.875390 
     43          1           0        0.684517   -2.350479    1.569164 
     44         15           0       -2.221047    0.802957   -0.052574 
     45          6           0       -3.604265   -0.412074   -0.135045 
     46          6           0       -2.330676    1.918630   -1.604915 
     47          6           0       -2.431618    1.754910    1.587740 
     48          6           0       -3.449021   -1.827660   -0.089933 
     49          6           0       -4.915772    0.122704   -0.159995 
     50          6           0       -3.452104    2.978289   -1.543098 
     51          6           0       -0.978772    2.643394   -1.814133 
     52          6           0       -2.558565    0.970863   -2.803379 
     53          6           0       -1.447313    2.942736    1.583790 
     54          6           0       -3.861356    2.264490    1.870176 
     55          6           0       -2.041938    0.760315    2.710496 
     56          6           0       -4.611787   -2.630791   -0.015115 
     57          6           0       -2.163952   -2.575743   -0.171237 
     58          6           0       -6.051222   -0.692635   -0.114623 
     59          1           0       -5.062072    1.196762   -0.186285 
     60          1           0       -3.406180    3.566948   -2.472208 
     61          1           0       -4.454343    2.537824   -1.491559 
     62          1           0       -3.314539    3.671718   -0.703704 
     63          1           0       -1.087328    3.326313   -2.670646 
     64          1           0       -0.669168    3.230524   -0.943115 
     65          1           0       -0.175418    1.935695   -2.052724 
     66          1           0       -1.736584    0.244081   -2.884839 
     67          1           0       -3.511229    0.429690   -2.730079 
     68          1           0       -2.568132    1.572891   -3.724963 
     69          1           0       -0.423233    2.630313    1.345551 
Dual C-C Bond Cleavage of Biphenylenes with a Pendant Alkyne at Ambient Temperature by a Gold 
Catalyst 
 195 
     70          1           0       -1.758750    3.723840    0.877604 
     71          1           0       -1.436553    3.384630    2.591179 
     72          1           0       -4.564344    1.436647    2.023077 
     73          1           0       -3.823862    2.850250    2.801422 
     74          1           0       -4.244782    2.919674    1.078487 
     75          1           0       -2.645182   -0.158488    2.664594 
     76          1           0       -0.977829    0.489346    2.663468 
     77          1           0       -2.229337    1.245694    3.680886 
     78          6           0       -5.897596   -2.082468   -0.025096 
     79          1           0       -4.484327   -3.712906    0.017548 
     80          6           0       -1.335305   -2.474803   -1.312174 
     81          6           0       -1.833783   -3.513212    0.828453 
     82          1           0       -7.042692   -0.240498   -0.139454 
     83          1           0       -6.769191   -2.735643    0.021522 
     84          6           0       -0.199094   -3.286597   -1.443005 
     85          1           0       -1.603710   -1.777344   -2.104019 
     86          6           0       -0.709076   -4.339746    0.687049 
     87          1           0       -2.475129   -3.601218    1.706291 
     88          6           0        0.108333   -4.227420   -0.447985 
     89          1           0        0.442482   -3.188327   -2.317793 
     90          1           0       -0.471103   -5.067975    1.463139 
     91          1           0        0.983162   -4.865910   -0.558801 
 --------------------------------------------------------------------- 
 
TS1’-J (NIMGA = 1, 310.24i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -1.032605   -1.241810    3.041847 
      2          6           0       -1.689289   -0.316082    2.207707 
      3          6           0       -3.110017   -0.390284    2.086232 
      4          6           0       -3.816961   -1.402011    2.762038 
      5          6           0       -3.144524   -2.313662    3.589479 
      6          6           0       -1.750432   -2.224214    3.737767 
      7          6           0       -0.936776    0.638309    1.384397 
      8          6           0       -1.385253    1.698230    0.748560 
      9          6           0       -3.358436    1.942032    1.127891 
     10          6           0       -3.782001    0.540893    1.174500 
     11          6           0       -3.926442    2.836201    0.164170 
     12          6           0       -4.806405    2.415461   -0.850362 
     13          6           0       -5.178471    1.073433   -0.794985 
     14          6           0       -4.684671    0.169858    0.207541 
     15          6           0       -5.925278   -0.044395   -1.443161 
     16          6           0       -5.435972   -0.953155   -0.450267 
     17          6           0       -6.742722   -0.450676   -2.488129 
     18          6           0       -7.071253   -1.833367   -2.501706 
     19          6           0       -6.589735   -2.723415   -1.526520 
     20          6           0       -5.743826   -2.301362   -0.460757 
     21         79           0        1.060584    0.248586    0.763822 
     22          1           0        0.519669    3.302907   -3.156992 
     23          6           0       -0.895808    2.790188   -0.080479 
     24          6           0       -0.859176    4.117283    0.402012 
     25          6           0       -0.329904    5.139617   -0.395870 
     26          6           0        0.166208    4.849473   -1.679608 
     27          6           0        0.129871    3.531533   -2.164376 
     28          6           0       -0.405533    2.504337   -1.376222 
     29          1           0       -0.426358    1.473493   -1.725671 
     30          1           0        0.578885    5.647811   -2.297034 
     31          1           0       -0.295134    6.160523   -0.014533 
     32          1           0       -1.228599    4.334143    1.405045 
     33          1           0        0.053448   -1.190485    3.120299 
     34          1           0       -1.222716   -2.925931    4.384279 
     35          1           0       -3.706078   -3.082458    4.120622 
     36          1           0       -4.901521   -1.448667    2.656319 
     37          1           0       -3.051846    2.395615    2.076210 
     38          1           0       -3.624446    3.882519    0.204519 
     39          1           0       -5.173883    3.110781   -1.604003 
     40          1           0       -7.119825    0.225117   -3.255648 
     41          1           0       -5.377501   -3.007500    0.284032 
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     42          1           0       -7.717630   -2.216969   -3.291109 
     43          1           0       -6.877071   -3.773491   -1.587523 
     44         15           0        3.254414   -0.155956    0.116995 
     45          6           0        3.473313   -1.357111   -1.269514 
     46          6           0        4.165623   -0.878339    1.617305 
     47          6           0        3.967979    1.513552   -0.492839 
     48          6           0        2.393114   -2.013843   -1.925079 
     49          6           0        4.784809   -1.560062   -1.762841 
     50          6           0        5.616142   -1.336153    1.356173 
     51          6           0        4.138095    0.179962    2.741736 
     52          6           0        3.340875   -2.114202    2.053795 
     53          6           0        3.386642    2.658218    0.377783 
     54          6           0        5.506837    1.618690   -0.466217 
     55          6           0        3.442348    1.692121   -1.935819 
     56          6           0        2.669650   -2.817573   -3.053121 
     57          6           0        0.956995   -1.937230   -1.517099 
     58          6           0        5.039837   -2.370725   -2.874448 
     59          1           0        5.625636   -1.080427   -1.272266 
     60          1           0        6.038842   -1.683728    2.311656 
     61          1           0        5.649623   -2.176292    0.651087 
     62          1           0        6.255403   -0.528223    0.980736 
     63          1           0        4.514446   -0.282423    3.667479 
     64          1           0        4.784089    1.036870    2.507240 
     65          1           0        3.116294    0.544973    2.925270 
     66          1           0        2.315557   -1.838093    2.338242 
     67          1           0        3.294078   -2.865344    1.251912 
     68          1           0        3.834048   -2.572664    2.925179 
     69          1           0        2.298203    2.743651    0.259258 
     70          1           0        3.612345    2.531652    1.443426 
     71          1           0        3.840424    3.603212    0.039789 
     72          1           0        5.998024    0.872442   -1.101446 
     73          1           0        5.785441    2.610746   -0.854757 
     74          1           0        5.901580    1.540704    0.555450 
     75          1           0        3.881328    0.959668   -2.625797 
     76          1           0        2.346317    1.602443   -1.965305 
     77          1           0        3.709269    2.703648   -2.279646 
     78          6           0        3.972448   -2.998569   -3.530799 
     79          1           0        1.834333   -3.313362   -3.548708 
     80          6           0        0.473866   -2.690951   -0.426338 
     81          6           0        0.049938   -1.166425   -2.271409 
     82          1           0        6.063980   -2.504077   -3.223565 
     83          1           0        4.151474   -3.628504   -4.402580 
     84          6           0       -0.885505   -2.651120   -0.082726 
     85          1           0        1.171288   -3.293188    0.155237 
     86          6           0       -1.308962   -1.125205   -1.922544 
     87          1           0        0.419591   -0.596548   -3.125160 
     88          6           0       -1.777776   -1.865040   -0.827392 
     89          1           0       -1.244997   -3.219597    0.774425 
     90          1           0       -2.001643   -0.518233   -2.507498 
     91          1           0       -2.831843   -1.830171   -0.557196 
 --------------------------------------------------------------------- 
 
Int2’-J (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        1.202547   -2.113046   -1.897171 
      2          6           0        1.823663   -0.964989   -1.345065 
      3          6           0        3.262859   -0.959002   -1.290295 
      4          6           0        4.003227   -2.069065   -1.775956 
      5          6           0        3.355997   -3.173337   -2.320978 
      6          6           0        1.944697   -3.192207   -2.378320 
      7          6           0        1.020316    0.153076   -0.829438 
      8          6           0        1.645901    1.321833   -0.474835 
      9          6           0        3.181607    1.473121   -0.562990 
     10          6           0        3.929573    0.162417   -0.679814 
     11          6           0        3.823951    2.562775    0.242094 
     12          6           0        5.098780    2.484300    0.764454 
     13          6           0        5.776437    1.265693    0.545165 
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     14          6           0        5.207165    0.160738   -0.156323 
     15          6           0        7.009253    0.491906    0.824544 
     16          6           0        6.451854   -0.643060    0.149798 
     17          6           0        8.258673    0.472352    1.429095 
     18          6           0        8.958386   -0.760600    1.334423 
     19          6           0        8.408861   -1.875901    0.680992 
     20          6           0        7.121396   -1.848030    0.065193 
     21         79           0       -1.061833   -0.000906   -0.579628 
     22          1           0       -1.172003    3.742180    2.355613 
     23          6           0        0.897072    2.553528   -0.104123 
     24          6           0        0.940206    3.705437   -0.916866 
     25          6           0        0.218641    4.855258   -0.562124 
     26          6           0       -0.542053    4.873676    0.618850 
     27          6           0       -0.581465    3.734999    1.438830 
     28          6           0        0.130776    2.580698    1.081679 
     29          1           0        0.089795    1.684136    1.698543 
     30          1           0       -1.100794    5.768327    0.895104 
     31          1           0        0.244349    5.731758   -1.210572 
     32          1           0        1.516361    3.689431   -1.844437 
     33          1           0        0.114895   -2.139341   -1.943845 
     34          1           0        1.430363   -4.055010   -2.803304 
     35          1           0        3.933661   -4.011422   -2.710970 
     36          1           0        5.090960   -2.023646   -1.764886 
     37          1           0        3.242670    1.928768   -1.587622 
     38          1           0        3.242171    3.476647    0.356481 
     39          1           0        5.536404    3.313109    1.319821 
     40          1           0        8.691705    1.329481    1.944319 
     41          1           0        6.717106   -2.734358   -0.422171 
     42          1           0        9.948353   -0.846201    1.781873 
     43          1           0        8.987633   -2.799166    0.643885 
     44         15           0       -3.391229   -0.082984   -0.397772 
     45          6           0       -4.078459   -0.893753    1.116763 
     46          6           0       -4.042281   -1.086211   -1.874333 
     47          6           0       -4.032086    1.722242   -0.380117 
     48          6           0       -3.265186   -1.475590    2.130003 
     49          6           0       -5.479806   -0.867351    1.313902 
     50          6           0       -5.559578   -1.365237   -1.879697 
     51          6           0       -3.633065   -0.342762   -3.164950 
     52          6           0       -3.304414   -2.446163   -1.814238 
     53          6           0       -3.109194    2.580299   -1.285607 
     54          6           0       -5.487731    1.921384   -0.850007 
     55          6           0       -3.873216    2.215430    1.076386 
     56          6           0       -3.881136   -1.981363    3.295533 
     57          6           0       -1.777578   -1.607362    2.062235 
     58          6           0       -6.074610   -1.382188    2.471332 
     59          1           0       -6.122250   -0.440571    0.550350 
     60          1           0       -5.801941   -1.913615   -2.803612 
     61          1           0       -5.852401   -1.995810   -1.030548 
     62          1           0       -6.160491   -0.448410   -1.866490 
     63          1           0       -3.857194   -0.988019   -4.028958 
     64          1           0       -4.194429    0.593117   -3.289259 
     65          1           0       -2.556763   -0.113282   -3.170088 
     66          1           0       -2.215908   -2.317301   -1.894723 
     67          1           0       -3.527858   -2.979679   -0.878845 
     68          1           0       -3.647512   -3.068797   -2.655588 
     69          1           0       -2.085412    2.625591   -0.893251 
     70          1           0       -3.071346    2.205930   -2.316053 
     71          1           0       -3.511291    3.605781   -1.305572 
     72          1           0       -6.216818    1.383474   -0.232587 
     73          1           0       -5.725463    2.994160   -0.772856 
     74          1           0       -5.620170    1.628358   -1.899876 
     75          1           0       -4.570527    1.710556    1.757676 
     76          1           0       -2.845347    2.055605    1.432669 
     77          1           0       -4.076527    3.297531    1.102288 
     78          6           0       -5.268501   -1.937903    3.474308 
     79          1           0       -3.246013   -2.422078    4.064802 
     80          6           0       -1.181005   -2.654799    1.330903 
     81          6           0       -0.953845   -0.717708    2.779765 
     82          1           0       -7.158195   -1.344154    2.586122 
     83          1           0       -5.714459   -2.338690    4.385091 
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     84          6           0        0.214677   -2.786402    1.289114 
     85          1           0       -1.816093   -3.350484    0.783061 
     86          6           0        0.442547   -0.849496    2.734083 
     87          1           0       -1.414857    0.083544    3.358829 
     88          6           0        1.029207   -1.878865    1.982966 
     89          1           0        0.665823   -3.588543    0.705435 
     90          1           0        1.070260   -0.148796    3.286861 
     91          1           0        2.114402   -1.976387    1.939509 
 --------------------------------------------------------------------- 
 
TS2’-J (NIMGA = 1, 899.90i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        1.065395   -1.964774   -2.135254 
      2          6           0        1.706942   -0.878655   -1.476901 
      3          6           0        3.121485   -0.976015   -1.230601 
      4          6           0        3.821510   -2.135402   -1.647696 
      5          6           0        3.160630   -3.178220   -2.291365 
      6          6           0        1.771958   -3.091767   -2.539735 
      7          6           0        0.922240    0.251636   -1.011195 
      8          6           0        1.585820    1.400923   -0.545247 
      9          6           0        3.119016    1.394082   -0.365477 
     10          6           0        3.812580    0.109290   -0.563607 
     11          6           0        3.810516    2.544863    0.155340 
     12          6           0        5.143423    2.480386    0.575447 
     13          6           0        5.767011    1.236176    0.456760 
     14          6           0        5.124065    0.094054   -0.098143 
     15          6           0        7.016802    0.443944    0.681590 
     16          6           0        6.380717   -0.716139    0.137079 
     17          6           0        8.316600    0.435286    1.153930 
     18          6           0        8.988875   -0.818699    1.071441 
     19          6           0        8.365109   -1.959553    0.550419 
     20          6           0        7.023759   -1.937650    0.062671 
     21         79           0       -1.138314    0.115954   -0.691382 
     22          1           0        0.127268    4.496912    2.648130 
     23          6           0        0.829605    2.623820   -0.130117 
     24          6           0       -0.010734    3.279640   -1.052012 
     25          6           0       -0.783143    4.377279   -0.647707 
     26          6           0       -0.733634    4.818772    0.684247 
     27          6           0        0.093063    4.161561    1.611130 
     28          6           0        0.878363    3.074364    1.203727 
     29          1           0        1.527439    2.565393    1.915916 
     30          1           0       -1.336381    5.670722    1.000123 
     31          1           0       -1.425466    4.882705   -1.368883 
     32          1           0       -0.065617    2.906565   -2.074844 
     33          1           0       -0.006369   -1.892910   -2.318369 
     34          1           0        1.256886   -3.906731   -3.048700 
     35          1           0        3.719735   -4.057115   -2.613472 
     36          1           0        4.896805   -2.187639   -1.499481 
     37          1           0        2.564696    1.731363   -1.434396 
     38          1           0        3.259511    3.479344    0.232056 
     39          1           0        5.641505    3.361117    0.978869 
     40          1           0        8.812319    1.312940    1.568490 
     41          1           0        6.563865   -2.846816   -0.324102 
     42          1           0       10.016401   -0.893671    1.427481 
     43          1           0        8.920749   -2.896932    0.517455 
     44         15           0       -3.421324   -0.068099   -0.235013 
     45          6           0       -3.853170   -1.178743    1.179507 
     46          6           0       -4.245589   -0.823369   -1.787703 
     47          6           0       -4.078031    1.653665    0.217651 
     48          6           0       -2.883376   -1.842534    1.983630 
     49          6           0       -5.222454   -1.445524    1.420593 
     50          6           0       -5.771689   -0.633202   -1.906712 
     51          6           0       -3.586989   -0.210288   -3.050857 
     52          6           0       -3.894589   -2.329241   -1.744821 
     53          6           0       -3.914234    2.566528   -1.016055 
     54          6           0       -5.538078    1.693059    0.713401 
     55          6           0       -3.161251    2.161829    1.356895 
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     56          6           0       -3.321919   -2.769460    2.954780 
     57          6           0       -1.406098   -1.620980    1.918181 
     58          6           0       -5.638647   -2.356548    2.397768 
     59          1           0       -5.981379   -0.928507    0.842501 
     60          1           0       -6.101440   -1.106989   -2.844687 
     61          1           0       -6.327131   -1.111558   -1.092162 
     62          1           0       -6.045762    0.428865   -1.958938 
     63          1           0       -4.064491   -0.661925   -3.934703 
     64          1           0       -3.720254    0.876253   -3.109245 
     65          1           0       -2.511079   -0.428534   -3.093675 
     66          1           0       -2.806883   -2.474158   -1.646819 
     67          1           0       -4.393770   -2.841795   -0.912049 
     68          1           0       -4.220894   -2.793074   -2.688761 
     69          1           0       -2.893192    2.513016   -1.419555 
     70          1           0       -4.630904    2.307772   -1.807350 
     71          1           0       -4.110421    3.606183   -0.710556 
     72          1           0       -5.655804    1.142292    1.655246 
     73          1           0       -5.805365    2.744424    0.903486 
     74          1           0       -6.246770    1.294670   -0.023217 
     75          1           0       -3.223323    1.503815    2.235758 
     76          1           0       -2.113044    2.238609    1.040115 
     77          1           0       -3.503359    3.164896    1.656402 
     78          6           0       -4.680094   -3.034725    3.162922 
     79          1           0       -2.569475   -3.274719    3.561241 
     80          6           0       -0.565800   -2.579019    1.314433 
     81          6           0       -0.827197   -0.492002    2.532922 
     82          1           0       -6.702891   -2.534451    2.553825 
     83          1           0       -4.985405   -3.754933    3.922526 
     84          6           0        0.824134   -2.395756    1.298630 
     85          1           0       -1.011860   -3.456817    0.845628 
     86          6           0        0.564321   -0.315586    2.521506 
     87          1           0       -1.470948    0.246379    3.008991 
     88          6           0        1.392053   -1.262877    1.900922 
     89          1           0        1.461860   -3.130295    0.806843 
     90          1           0        0.998693    0.560052    3.004199 
     91          1           0        2.472989   -1.120198    1.885125 
 --------------------------------------------------------------------- 
 
Int3’-J (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -1.121835    2.371625   -0.718194 
      2          6           0       -1.793469    1.134764   -0.445464 
      3          6           0       -3.244114    1.128356   -0.381431 
      4          6           0       -3.923836    2.358825   -0.490941 
      5          6           0       -3.230342    3.549760   -0.725501 
      6          6           0       -1.823552    3.559552   -0.862802 
      7          6           0       -1.026903   -0.044169   -0.215413 
      8          6           0       -1.755048   -1.274209    0.269185 
      9          6           0       -3.251023   -1.341150    0.054565 
     10          6           0       -3.971196   -0.127063   -0.235869 
     11          6           0       -3.902085   -2.567049    0.191247 
     12          6           0       -5.312452   -2.703852    0.043181 
     13          6           0       -6.000726   -1.541598   -0.247595 
     14          6           0       -5.353796   -0.277654   -0.395483 
     15          6           0       -7.324312   -0.904219   -0.576725 
     16          6           0       -6.674798    0.360200   -0.746077 
     17          6           0       -8.681438   -1.077460   -0.763696 
     18          6           0       -9.404380    0.092195   -1.143478 
     19          6           0       -8.772197    1.328886   -1.324016 
     20          6           0       -7.369949    1.495123   -1.130843 
     21         79           0        1.023556   -0.201484   -0.379475 
     22          1           0       -2.301163    0.016438    4.790183 
     23          6           0       -1.371113   -1.292564    1.772974 
     24          6           0       -0.273415   -2.063930    2.196153 
     25          6           0        0.087639   -2.096510    3.549922 
     26          6           0       -0.644919   -1.350168    4.489121 
     27          6           0       -1.730782   -0.564376    4.064726 
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     28          6           0       -2.085594   -0.524346    2.708453 
     29          1           0       -2.931273    0.078606    2.378084 
     30          1           0       -0.372389   -1.380861    5.544299 
     31          1           0        0.928739   -2.711345    3.872498 
     32          1           0        0.285542   -2.641633    1.459513 
     33          1           0       -0.035517    2.362690   -0.780547 
     34          1           0       -1.297386    4.492560   -1.062087 
     35          1           0       -3.788164    4.483646   -0.809062 
     36          1           0       -5.003721    2.380537   -0.376206 
     37          1           0       -1.282161   -2.160703   -0.178052 
     38          1           0       -3.303222   -3.449709    0.423224 
     39          1           0       -5.793187   -3.676518    0.144263 
     40          1           0       -9.187981   -2.034647   -0.640416 
     41          1           0       -6.906913    2.467649   -1.299304 
     42          1           0      -10.480499    0.020507   -1.303764 
     43          1           0       -9.369167    2.190368   -1.624039 
     44         15           0        3.283637   -0.665459   -0.882375 
     45          6           0        4.580230    0.398555   -0.108867 
     46          6           0        3.454530   -0.381206   -2.763863 
     47          6           0        3.605906   -2.445206   -0.272518 
     48          6           0        4.286252    1.513874    0.727116 
     49          6           0        5.932193    0.147434   -0.446332 
     50          6           0        4.858010   -0.593041   -3.368365 
     51          6           0        2.443874   -1.285215   -3.506425 
     52          6           0        3.051944    1.102312   -2.967420 
     53          6           0        2.502742   -3.387884   -0.810050 
     54          6           0        4.982847   -3.043854   -0.624398 
     55          6           0        3.472730   -2.358485    1.268074 
     56          6           0        5.346378    2.348701    1.146478 
     57          6           0        2.932073    1.870946    1.237825 
     58          6           0        6.971399    0.971355    0.001485 
     59          1           0        6.181496   -0.691824   -1.087511 
     60          1           0        4.778821   -0.455752   -4.458109 
     61          1           0        5.578807    0.143817   -2.994490 
     62          1           0        5.248121   -1.603414   -3.188930 
     63          1           0        2.374434   -0.935317   -4.548212 
     64          1           0        2.777209   -2.330643   -3.530929 
     65          1           0        1.439485   -1.238938   -3.061274 
     66          1           0        2.009158    1.282929   -2.668251 
     67          1           0        3.706674    1.779983   -2.400597 
     68          1           0        3.150116    1.343047   -4.037497 
     69          1           0        1.493452   -3.000837   -0.610650 
     70          1           0        2.598663   -3.564863   -1.887457 
     71          1           0        2.607469   -4.358573   -0.300320 
     72          1           0        5.803137   -2.497876   -0.143544 
     73          1           0        5.011590   -4.077951   -0.246544 
     74          1           0        5.154292   -3.082712   -1.708052 
     75          1           0        4.239743   -1.701519    1.702130 
     76          1           0        2.480659   -1.990303    1.564940 
     77          1           0        3.607885   -3.368270    1.686606 
     78          6           0        6.675068    2.088869    0.793515 
     79          1           0        5.108316    3.201697    1.782660 
     80          6           0        2.337626    3.096157    0.875278 
     81          6           0        2.264539    1.034873    2.159346 
     82          1           0        8.000406    0.744070   -0.277688 
     83          1           0        7.470748    2.747746    1.142145 
     84          6           0        1.095253    3.468698    1.410230 
     85          1           0        2.857893    3.753290    0.177052 
     86          6           0        1.016849    1.404341    2.685703 
     87          1           0        2.725941    0.095330    2.457559 
     88          6           0        0.429268    2.620371    2.309479 
     89          1           0        0.646544    4.420391    1.123383 
     90          1           0        0.508162    0.737776    3.378543 
     91          1           0       -0.540668    2.906842    2.716847 
 --------------------------------------------------------------------- 
 
TS3’-J (NIMGA = 1, 789.12i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 




      1          6           0        1.223680   -2.314324   -1.544731 
      2          6           0        1.850413   -1.146196   -1.043158 
      3          6           0        3.272615   -1.136964   -0.867335 
      4          6           0        4.003302   -2.298878   -1.208153 
      5          6           0        3.361357   -3.439391   -1.691702 
      6          6           0        1.961616   -3.452505   -1.860767 
      7          6           0        1.029262    0.025378   -0.712969 
      8          6           0        1.731658    1.258817   -0.387458 
      9          6           0        3.190005    1.294769   -0.185020 
     10          6           0        3.943129    0.063681   -0.373569 
     11          6           0        3.815269    2.485732    0.241696 
     12          6           0        5.196943    2.553696    0.529509 
     13          6           0        5.904006    1.370482    0.374800 
     14          6           0        5.299580    0.154752   -0.057229 
     15          6           0        7.229897    0.680551    0.508005 
     16          6           0        6.633107   -0.550541    0.091692 
     17          6           0        8.564089    0.792806    0.849579 
     18          6           0        9.322434   -0.411124    0.765827 
     19          6           0        8.741409   -1.622525    0.371684 
     20          6           0        7.362134   -1.725368    0.022746 
     21         79           0       -1.073918   -0.029919   -0.588788 
     22          1           0       -1.073633    3.580200    2.544935 
     23          6           0        0.912257    2.464104   -0.003904 
     24          6           0        0.837784    3.582602   -0.852067 
     25          6           0        0.062989    4.693636   -0.483250 
     26          6           0       -0.622766    4.695387    0.741833 
     27          6           0       -0.540352    3.581424    1.593847 
     28          6           0        0.218987    2.463999    1.220748 
     29          1           0        0.264435    1.580637    1.854383 
     30          1           0       -1.219030    5.561021    1.031542 
     31          1           0       -0.001099    5.554458   -1.149121 
     32          1           0        1.383062    3.580532   -1.797501 
     33          1           0        0.142778   -2.306477   -1.678795 
     34          1           0        1.462712   -4.340931   -2.247967 
     35          1           0        3.950619   -4.319216   -1.952220 
     36          1           0        5.085373   -2.287901   -1.126446 
     37          1           0        1.388805    1.018257   -1.591291 
     38          1           0        3.205297    3.377147    0.372769 
     39          1           0        5.651966    3.484295    0.866707 
     40          1           0        9.026082    1.727267    1.168089 
     41          1           0        6.944834   -2.690993   -0.262836 
     42          1           0       10.382300   -0.389907    1.020231 
     43          1           0        9.361400   -2.518453    0.331547 
     44         15           0       -3.407410   -0.033437   -0.504365 
     45          6           0       -4.168444   -0.757389    1.014530 
     46          6           0       -4.021894   -1.078677   -1.966370 
     47          6           0       -3.983094    1.791028   -0.587387 
     48          6           0       -3.412403   -1.324955    2.078070 
     49          6           0       -5.573794   -0.668125    1.159333 
     50          6           0       -5.546418   -1.309931   -2.016864 
     51          6           0       -3.540442   -0.401995   -3.268501 
     52          6           0       -3.330440   -2.456203   -1.820932 
     53          6           0       -2.993908    2.580167   -1.484869 
     54          6           0       -5.409262    2.013307   -1.132054 
     55          6           0       -3.871946    2.339783    0.853321 
     56          6           0       -4.086662   -1.751032    3.243310 
     57          6           0       -1.932260   -1.534358    2.065231 
     58          6           0       -6.226269   -1.105827    2.317125 
     59          1           0       -6.173301   -0.252808    0.355474 
     60          1           0       -5.771747   -1.893310   -2.923201 
     61          1           0       -5.890890   -1.890301   -1.151550 
     62          1           0       -6.116439   -0.375165   -2.069405 
     63          1           0       -3.754590   -1.074547   -4.113670 
     64          1           0       -4.063572    0.546105   -3.451739 
     65          1           0       -2.457017   -0.210045   -3.243001 
     66          1           0       -2.235938   -2.365483   -1.866814 
     67          1           0       -3.605292   -2.942703   -0.873921 
     68          1           0       -3.662207   -3.102836   -2.648293 
     69          1           0       -1.989592    2.618705   -1.044242 
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     70          1           0       -2.917340    2.157933   -2.494600 
     71          1           0       -3.364117    3.613901   -1.571026 
     72          1           0       -6.182258    1.524492   -0.527731 
     73          1           0       -5.614807    3.094959   -1.108715 
     74          1           0       -5.503829    1.680953   -2.174102 
     75          1           0       -4.614330    1.886130    1.522639 
     76          1           0       -2.865936    2.166356    1.262056 
     77          1           0       -4.041453    3.427480    0.824940 
     78          6           0       -5.476115   -1.643937    3.371899 
     79          1           0       -3.496371   -2.182468    4.052368 
     80          6           0       -1.373571   -2.651639    1.409922 
     81          6           0       -1.083653   -0.664421    2.777978 
     82          1           0       -7.310609   -1.021684    2.392086 
     83          1           0       -5.967389   -1.983845    4.283984 
     84          6           0        0.009617   -2.876668    1.444566 
     85          1           0       -2.029087   -3.335267    0.871003 
     86          6           0        0.302209   -0.889522    2.806882 
     87          1           0       -1.515915    0.189895    3.300342 
     88          6           0        0.852036   -1.991712    2.135434 
     89          1           0        0.432120   -3.737156    0.926853 
     90          1           0        0.950123   -0.210052    3.362944 
     91          1           0        1.928039   -2.165413    2.155383 
 --------------------------------------------------------------------- 
 
Int4’-J (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -0.956462   -0.097381    3.602246 
      2          6           0       -1.467493    0.412750    2.385804 
      3          6           0       -2.592801   -0.204717    1.763197 
      4          6           0       -3.133539   -1.366845    2.362016 
      5          6           0       -2.608272   -1.872720    3.551869 
      6          6           0       -1.525640   -1.226071    4.188398 
      7          6           0       -0.783770    1.497474    1.698062 
      8          6           0       -1.226317    2.004582    0.457456 
      9          6           0       -2.442265    1.476005   -0.136261 
     10          6           0       -3.137904    0.383070    0.545026 
     11          6           0       -2.987535    2.068166   -1.301994 
     12          6           0       -4.204488    1.647746   -1.877174 
     13          6           0       -4.854090    0.607946   -1.224970 
     14          6           0       -4.342293   -0.001670   -0.044816 
     15          6           0       -6.066143   -0.275608   -1.174438 
     16          6           0       -5.573845   -0.883436    0.023456 
     17          6           0       -7.271915   -0.621547   -1.753225 
     18          6           0       -8.010738   -1.635233   -1.075005 
     19          6           0       -7.541394   -2.224304    0.104573 
     20          6           0       -6.295477   -1.854992    0.694713 
     21         79           0        0.797581    0.296415    0.416390 
     22          1           0        1.254243    3.950972   -3.001773 
     23          6           0       -0.461124    3.139493   -0.146587 
     24          6           0       -0.137758    4.270890    0.627189 
     25          6           0        0.673517    5.284501    0.094439 
     26          6           0        1.175774    5.173736   -1.212063 
     27          6           0        0.860030    4.046194   -1.989330 
     28          6           0        0.045745    3.036252   -1.461836 
     29          1           0       -0.176834    2.139943   -2.040899 
     30          1           0        1.807101    5.961978   -1.623056 
     31          1           0        0.909040    6.161169    0.698464 
     32          1           0       -0.532518    4.358327    1.640197 
     33          1           0       -0.096186    0.395069    4.058594 
     34          1           0       -1.130627   -1.615992    5.126667 
     35          1           0       -3.039972   -2.771059    3.993786 
     36          1           0       -3.953813   -1.883256    1.872455 
     37          1           0       -0.048115    2.076561    2.263798 
     38          1           0       -2.458722    2.903748   -1.754202 
     39          1           0       -4.601147    2.138447   -2.765431 
     40          1           0       -7.655587   -0.160497   -2.663439 
     41          1           0       -5.976353   -2.321642    1.626514 
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     42          1           0       -8.970096   -1.955282   -1.482177 
     43          1           0       -8.147672   -2.987811    0.592705 
     44         15           0        2.969623   -0.472143    0.252494 
     45          6           0        3.336738   -1.795212   -0.975019 
     46          6           0        3.378036   -1.174946    1.977047 
     47          6           0        4.001088    1.053822   -0.264395 
     48          6           0        2.360892   -2.308852   -1.872203 
     49          6           0        4.663966   -2.280990   -1.064938 
     50          6           0        4.758595   -1.855905    2.099170 
     51          6           0        3.277225   -0.031249    3.009966 
     52          6           0        2.285842   -2.234338    2.271177 
     53          6           0        3.497905    2.319552    0.474811 
     54          6           0        5.515410    0.900017   -0.015731 
     55          6           0        3.721110    1.235647   -1.774746 
     56          6           0        2.744097   -3.290312   -2.810356 
     57          6           0        0.939355   -1.856549   -1.916840 
     58          6           0        5.025091   -3.254903   -2.002990 
     59          1           0        5.429564   -1.904084   -0.394913 
     60          1           0        4.901380   -2.134151    3.154657 
     61          1           0        4.807413   -2.775458    1.503545 
     62          1           0        5.586196   -1.195483    1.811708 
     63          1           0        3.324293   -0.472035    4.017746 
     64          1           0        4.111965    0.675848    2.914221 
     65          1           0        2.329629    0.518986    2.917655 
     66          1           0        1.285889   -1.784182    2.344542 
     67          1           0        2.268279   -3.017187    1.498946 
     68          1           0        2.520861   -2.711618    3.235375 
     69          1           0        2.461675    2.564691    0.206754 
     70          1           0        3.570209    2.229364    1.564728 
     71          1           0        4.131704    3.162923    0.159959 
     72          1           0        5.948382    0.058022   -0.568360 
     73          1           0        6.011839    1.815380   -0.373102 
     74          1           0        5.745164    0.794329    1.053020 
     75          1           0        4.110824    0.397278   -2.367468 
     76          1           0        2.642173    1.339801   -1.962140 
     77          1           0        4.216754    2.160238   -2.108617 
     78          6           0        4.058894   -3.765567   -2.880690 
     79          1           0        1.986111   -3.676316   -3.492437 
     80          6           0       -0.034914   -2.448303   -1.086331 
     81          6           0        0.555721   -0.854566   -2.830122 
     82          1           0        6.055516   -3.608218   -2.044145 
     83          1           0        4.326072   -4.524651   -3.616245 
     84          6           0       -1.371981   -2.027263   -1.158069 
     85          1           0        0.263581   -3.222007   -0.378756 
     86          6           0       -0.783340   -0.443822   -2.904894 
     87          1           0        1.311198   -0.404586   -3.474979 
     88          6           0       -1.747215   -1.029748   -2.071229 
     89          1           0       -2.118520   -2.475265   -0.502824 
     90          1           0       -1.078296    0.326980   -3.618136 
     91          1           0       -2.783765   -0.708644   -2.131289 
 --------------------------------------------------------------------- 
 
Au[P(OMe)3] (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1         79           0       -1.155970   -0.000105    0.000119 
      2         15           0        1.107568    0.000252   -0.000179 
      3          8           0        1.701836   -1.336420   -0.618723 
      4          8           0        1.701772    0.133037    1.466763 
      5          8           0        1.701386    1.204444   -0.848578 
      6          6           0        1.284211   -0.784895    2.544618 
      7          1           0        1.673762   -1.787166    2.331699 
      8          1           0        1.730305   -0.370737    3.452958 
      9          1           0        0.186589   -0.789612    2.620287 
     10          6           0        1.283441   -1.812093   -1.951915 
     11          1           0        1.671662   -1.126660   -2.714214 
     12          1           0        1.730364   -2.805465   -2.047229 
     13          1           0        0.185847   -1.876401   -1.992817 
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     14          6           0        1.282915    2.596667   -0.592984 
     15          1           0        1.671363    2.913601    0.381848 
     16          1           0        1.729580    3.176416   -1.405381 
     17          1           0        0.185296    2.663980   -0.627843 
 --------------------------------------------------------------------- 
 
Int1-P (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -3.331843    0.484371    1.043023 
      2          6           0       -3.008740    1.437334    2.009660 
      3          6           0       -1.849700    1.319008    2.836516 
      4          6           0       -1.094043    0.179828    2.642436 
      5          6           0       -1.441532   -0.816923    1.676098 
      6          6           0       -2.532322   -0.688118    0.820938 
      7          6           0        0.114077   -0.633865    3.036977 
      8          6           0       -0.257369   -1.644461    2.096287 
      9          6           0        1.244982   -0.739989    3.827304 
     10          6           0        2.001773   -1.939233    3.663944 
     11          6           0        1.619576   -2.940561    2.761834 
     12          6           0        0.462203   -2.813967    1.939073 
     13          6           0       -2.844167   -1.628103   -0.278117 
     14          6           0       -1.837510   -2.085716   -1.182804 
     15          6           0       -2.177163   -2.972867   -2.235043 
     16          6           0       -3.496093   -3.405804   -2.394912 
     17          6           0       -4.494178   -2.948790   -1.516928 
     18          6           0       -4.166553   -2.068934   -0.476621 
     19          6           0       -0.468329   -1.659634   -1.093593 
     20          6           0        0.782465   -1.633813   -1.077419 
     21          6           0        2.208387   -1.719143   -1.021699 
     22          6           0        2.892720   -1.262570    0.135887 
     23          6           0        4.286803   -1.340627    0.187960 
     24          6           0        5.006366   -1.871865   -0.897994 
     25          6           0        4.329765   -2.325858   -2.044446 
     26          6           0        2.934792   -2.245501   -2.118464 
     27          1           0       -4.208877    0.634957    0.412476 
     28          1           0       -3.658173    2.305048    2.131775 
     29          1           0       -1.608845    2.085957    3.572040 
     30          1           0        1.547300    0.017598    4.551184 
     31          1           0        2.897002   -2.085560    4.268963 
     32          1           0        2.228748   -3.841029    2.682106 
     33          1           0        0.184010   -3.597811    1.235777 
     34          1           0       -1.397846   -3.304487   -2.920714 
     35          1           0       -3.745249   -4.091571   -3.204292 
     36          1           0       -5.524584   -3.282517   -1.639135 
     37          1           0       -4.937593   -1.731540    0.216166 
     38          1           0        2.316429   -0.874414    0.974013 
     39          1           0        4.813305   -0.997093    1.078492 
     40          1           0        6.093709   -1.934268   -0.850611 
     41          1           0        4.891070   -2.738520   -2.882574 
     42          1           0        2.400972   -2.586875   -3.004934 
     43         79           0        0.056075    0.591828   -0.670819 
     44         15           0        0.310057    2.839903   -0.428034 
     45          8           0        0.369041    3.366617    1.091182 
     46          8           0       -0.840248    3.728527   -1.115304 
     47          8           0        1.676319    3.402661   -1.069772 
     48          6           0        1.288195    2.703959    2.013887 
     49          6           0       -2.239439    3.336672   -0.952086 
     50          6           0        2.034874    3.007697   -2.430766 
     51          1           0        2.320729    2.978838    1.760834 
     52          1           0        1.025867    3.078108    3.008542 
     53          1           0        1.152724    1.612737    1.977589 
     54          1           0       -2.554926    3.518031    0.082459 
     55          1           0       -2.801546    3.967060   -1.648365 
     56          1           0       -2.371505    2.272883   -1.202212 
     57          1           0        1.349452    3.482275   -3.145255 
     58          1           0        3.056533    3.370407   -2.580997 
     59          1           0        2.001647    1.911213   -2.532569 





TS1-P (NIMGA = 1, 304.30i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        3.825504    1.525311   -2.041505 
      2          6           0        4.556247    0.408725   -2.480798 
      3          6           0        4.681591   -0.790063   -1.717511 
      4          6           0        3.985615   -0.814271   -0.525637 
      5          6           0        3.125513    0.283022   -0.101844 
      6          6           0        3.127066    1.520524   -0.807727 
      7          6           0        3.882938   -1.435479    0.819959 
      8          6           0        3.159221   -0.308232    1.299329 
      9          6           0        4.228703   -2.500444    1.645549 
     10          6           0        3.807055   -2.386081    2.994425 
     11          6           0        3.100335   -1.262529    3.462843 
     12          6           0        2.755398   -0.173629    2.614444 
     13          6           0        2.302916    2.641444   -0.338001 
     14          6           0        0.946396    2.371815    0.025024 
     15          6           0        0.137108    3.434287    0.464717 
     16          6           0        0.651093    4.737971    0.558811 
     17          6           0        1.979466    4.998714    0.192292 
     18          6           0        2.799904    3.952530   -0.263770 
     19          6           0        0.424600    1.012800   -0.160365 
     20          6           0        1.132760   -0.055235   -0.473240 
     21         79           0       -1.605919    0.435854   -0.000567 
     22          6           0        0.988904   -1.460351   -0.779404 
     23          6           0        0.925875   -2.414202    0.266321 
     24          6           0        0.721720   -3.766611   -0.036523 
     25          6           0        0.589641   -4.178176   -1.373817 
     26          6           0        0.659353   -3.234579   -2.416683 
     27          6           0        0.864985   -1.881747   -2.125788 
     28          1           0        3.774028    2.416163   -2.666946 
     29          1           0        5.075810    0.475239   -3.437907 
     30          1           0        5.346159   -1.589932   -2.042084 
     31          1           0        4.788086   -3.369912    1.300898 
     32          1           0        4.040389   -3.189136    3.693652 
     33          1           0        2.802025   -1.229939    4.511224 
     34          1           0        2.202114    0.687208    2.988668 
     35          1           0       -0.904676    3.230472    0.715728 
     36          1           0        0.010001    5.549216    0.903981 
     37          1           0        2.378398    6.011052    0.254343 
     38          1           0        3.838024    4.145192   -0.536238 
     39          1           0        1.020751   -2.077923    1.297082 
     40          1           0        0.665612   -4.498686    0.769620 
     41          1           0        0.432060   -5.232069   -1.605573 
     42          1           0        0.550518   -3.556472   -3.452630 
     43          1           0        0.916143   -1.138657   -2.921237 
     44         15           0       -3.751573   -0.376656    0.117674 
     45          8           0       -3.973458   -1.730746   -0.738678 
     46          8           0       -4.921272    0.602690   -0.413887 
     47          8           0       -4.257438   -0.787253    1.597516 
     48          6           0       -2.951301   -2.772242   -0.668487 
     49          6           0       -4.720300    1.278757   -1.691879 
     50          6           0       -4.069567    0.178274    2.674671 
     51          1           0       -2.934331   -3.211802    0.338130 
     52          1           0       -3.250305   -3.525479   -1.404759 
     53          1           0       -1.960916   -2.366314   -0.924654 
     54          1           0       -4.818856    0.555237   -2.512377 
     55          1           0       -5.508878    2.035709   -1.754617 
     56          1           0       -3.729269    1.760213   -1.723391 
     57          1           0       -4.780513    1.007372    2.557440 
     58          1           0       -4.271538   -0.367403    3.602261 
     59          1           0       -3.034762    0.558639    2.677015 
 --------------------------------------------------------------------- 
 




 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.031943    1.860799   -1.797455 
      2          6           0        4.721922    0.817274   -2.449068 
      3          6           0        4.658576   -0.532416   -2.028204 
      4          6           0        3.807302   -0.817125   -0.973151 
      5          6           0        2.815916    0.205920   -0.400206 
      6          6           0        3.084966    1.618478   -0.789416 
      7          6           0        3.949146   -1.532759    0.284592 
      8          6           0        3.390330   -0.410564    0.930893 
      9          6           0        4.586048   -2.564241    0.986727 
     10          6           0        4.629269   -2.392225    2.381374 
     11          6           0        4.111179   -1.234147    3.013985 
     12          6           0        3.503092   -0.179821    2.294825 
     13          6           0        2.222446    2.634458   -0.240721 
     14          6           0        0.902769    2.244560    0.188949 
     15          6           0        0.069976    3.253919    0.719669 
     16          6           0        0.503896    4.580376    0.829897 
     17          6           0        1.789188    4.956031    0.384991 
     18          6           0        2.632333    3.991261   -0.161703 
     19          6           0        0.409028    0.869105   -0.010131 
     20          6           0        1.296842   -0.115767   -0.346538 
     21         79           0       -1.635141    0.383725    0.048230 
     22          6           0        0.934670   -1.552605   -0.448733 
     23          6           0        0.315761   -2.213918    0.634904 
     24          6           0       -0.062974   -3.560099    0.527071 
     25          6           0        0.173411   -4.262445   -0.665678 
     26          6           0        0.798994   -3.615555   -1.746989 
     27          6           0        1.189950   -2.274112   -1.633507 
     28          1           0        4.173535    2.879813   -2.154948 
     29          1           0        5.404995    1.080018   -3.258626 
     30          1           0        5.378582   -1.262754   -2.397435 
     31          1           0        5.028064   -3.434834    0.503900 
     32          1           0        5.091619   -3.161006    3.000229 
     33          1           0        4.172581   -1.163121    4.100531 
     34          1           0        3.115142    0.709689    2.789057 
     35          1           0       -0.936462    2.981959    1.039664 
     36          1           0       -0.163070    5.331609    1.254249 
     37          1           0        2.122605    5.989548    0.473388 
     38          1           0        3.639383    4.263357   -0.478983 
     39          1           0        0.132504   -1.653852    1.551772 
     40          1           0       -0.536811   -4.059773    1.372907 
     41          1           0       -0.119471   -5.309353   -0.752143 
     42          1           0        0.978334   -4.155929   -2.677155 
     43          1           0        1.671685   -1.772270   -2.474282 
     44         15           0       -3.835815   -0.298149   -0.019993 
     45          8           0       -4.124032   -1.501951   -1.066647 
     46          8           0       -4.932410    0.818359   -0.442218 
     47          8           0       -4.438985   -0.881249    1.368688 
     48          6           0       -3.176064   -2.610660   -1.110188 
     49          6           0       -4.635726    1.649556   -1.601949 
     50          6           0       -4.216201   -0.101538    2.578026 
     51          1           0       -3.246930   -3.199903   -0.185784 
     52          1           0       -3.474155   -3.220296   -1.969886 
     53          1           0       -2.147010   -2.244482   -1.242664 
     54          1           0       -4.749671    1.058581   -2.521192 
     55          1           0       -5.367770    2.463996   -1.581838 
     56          1           0       -3.613495    2.057574   -1.537295 
     57          1           0       -4.850340    0.795902    2.565741 
     58          1           0       -4.500129   -0.752667    3.411848 
     59          1           0       -3.154850    0.184413    2.666497 
 --------------------------------------------------------------------- 
 
TS2-P (NIMGA = 1, 409.20i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.462865    1.700814   -1.531669 
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      2          6           0        5.277515    0.637370   -1.897095 
      3          6           0        5.073030   -0.679377   -1.361268 
      4          6           0        3.925552   -0.914560   -0.647514 
      5          6           0        2.899069    0.146060   -0.484811 
      6          6           0        3.271441    1.512682   -0.758646 
      7          6           0        3.655673   -1.640717    0.607525 
      8          6           0        2.790771   -0.673958    1.142083 
      9          6           0        4.156635   -2.642152    1.438539 
     10          6           0        3.737451   -2.610128    2.791573 
     11          6           0        2.908510   -1.589930    3.290822 
     12          6           0        2.407637   -0.550733    2.458015 
     13          6           0        2.384128    2.548841   -0.323201 
     14          6           0        1.061581    2.185700    0.167577 
     15          6           0        0.226956    3.241038    0.649628 
     16          6           0        0.644668    4.562182    0.643121 
     17          6           0        1.923940    4.908566    0.129913 
     18          6           0        2.768355    3.921466   -0.350924 
     19          6           0        0.547541    0.841776    0.050967 
     20          6           0        1.444252   -0.195127   -0.287587 
     21         79           0       -1.504778    0.405040    0.078574 
     22          6           0        0.956811   -1.556288   -0.665565 
     23          6           0        0.232166   -2.352244    0.244899 
     24          6           0       -0.286539   -3.589424   -0.157025 
     25          6           0       -0.085767   -4.040741   -1.473285 
     26          6           0        0.641726   -3.253736   -2.381904 
     27          6           0        1.173538   -2.019997   -1.977074 
     28          1           0        4.709823    2.700216   -1.884975 
     29          1           0        6.151604    0.827929   -2.519904 
     30          1           0        5.874540   -1.417009   -1.401234 
     31          1           0        4.869716   -3.388260    1.088466 
     32          1           0        4.083526   -3.387050    3.472842 
     33          1           0        2.610156   -1.606395    4.339492 
     34          1           0        1.737255    0.225199    2.822194 
     35          1           0       -0.762779    2.981750    1.026893 
     36          1           0       -0.012290    5.342635    1.027960 
     37          1           0        2.245169    5.950021    0.126394 
     38          1           0        3.761612    4.192379   -0.705844 
     39          1           0        0.086293   -1.989644    1.262095 
     40          1           0       -0.840161   -4.202975    0.554491 
     41          1           0       -0.486846   -5.004972   -1.787150 
     42          1           0        0.798949   -3.601167   -3.403348 
     43          1           0        1.743037   -1.408455   -2.677666 
     44         15           0       -3.738630   -0.160876   -0.025550 
     45          8           0       -4.134577   -1.084446   -1.295106 
     46          8           0       -4.786220    1.070314   -0.128278 
     47          8           0       -4.307807   -1.011140    1.232221 
     48          6           0       -3.249845   -2.192871   -1.640077 
     49          6           0       -4.503846    2.118249   -1.101729 
     50          6           0       -4.018876   -0.511191    2.569222 
     51          1           0       -3.325406   -2.980900   -0.878898 
     52          1           0       -3.605563   -2.564967   -2.606743 
     53          1           0       -2.206809   -1.853017   -1.723932 
     54          1           0       -4.697989    1.744036   -2.116188 
     55          1           0       -5.187049    2.940217   -0.863052 
     56          1           0       -3.458299    2.457519   -1.015677 
     57          1           0       -4.634313    0.375121    2.776297 
     58          1           0       -4.280962   -1.322653    3.256665 
     59          1           0       -2.949115   -0.261824    2.668987 
 --------------------------------------------------------------------- 
 
Int3-P (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.991781   -0.803221   -1.093028 
      2          6           0        5.632016    0.434840   -1.240170 
      3          6           0        4.941902    1.651506   -1.048887 
      4          6           0        3.600477    1.602862   -0.641806 
      5          6           0        3.007488    0.356352   -0.393368 
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      6          6           0        3.633889   -0.859185   -0.677768 
      7          6           0        2.542633    2.619033   -0.556088 
      8          6           0        1.303912    1.980593   -0.266294 
      9          6           0        2.604285    3.996445   -0.806146 
     10          6           0        1.415998    4.744089   -0.790584 
     11          6           0        0.187079    4.114370   -0.535268 
     12          6           0        0.126113    2.732760   -0.265605 
     13          6           0        2.794987   -2.060544   -0.644575 
     14          6           0        1.349903   -1.923412   -0.510100 
     15          6           0        0.551880   -3.108537   -0.594918 
     16          6           0        1.117607   -4.365820   -0.763797 
     17          6           0        2.520530   -4.483221   -0.858808 
     18          6           0        3.338111   -3.348919   -0.804565 
     19          6           0        0.697077   -0.656429   -0.284876 
     20          6           0        1.586099    0.503081    0.066829 
     21         79           0       -1.365700   -0.384400   -0.271479 
     22          6           0        1.432064    0.239398    1.637008 
     23          6           0        0.364155    0.832588    2.346259 
     24          6           0        0.218874    0.618626    3.723167 
     25          6           0        1.123536   -0.206305    4.408311 
     26          6           0        2.179004   -0.811854    3.704358 
     27          6           0        2.325182   -0.604075    2.327963 
     28          1           0        5.535605   -1.713852   -1.339577 
     29          1           0        6.673304    0.457615   -1.561299 
     30          1           0        5.436796    2.600865   -1.254570 
     31          1           0        3.558664    4.476204   -1.025183 
     32          1           0        1.445433    5.815349   -0.989939 
     33          1           0       -0.733833    4.698268   -0.545511 
     34          1           0       -0.845510    2.280318   -0.070743 
     35          1           0       -0.529480   -3.013096   -0.497443 
     36          1           0        0.486987   -5.252715   -0.812481 
     37          1           0        2.976209   -5.466618   -0.979777 
     38          1           0        4.416962   -3.469800   -0.885625 
     39          1           0       -0.332795    1.487995    1.833628 
     40          1           0       -0.596569    1.105684    4.258883 
     41          1           0        1.011067   -0.375189    5.479360 
     42          1           0        2.893724   -1.446773    4.228101 
     43          1           0        3.146218   -1.084761    1.802867 
     44         15           0       -3.633158    0.085655   -0.276686 
     45          8           0       -4.375016   -0.115699    1.145456 
     46          8           0       -4.542903   -0.766094   -1.303980 
     47          8           0       -3.977886    1.619336   -0.659371 
     48          6           0       -3.724998    0.402291    2.344597 
     49          6           0       -4.360164   -2.212641   -1.351205 
     50          6           0       -3.407292    2.162092   -1.890250 
     51          1           0       -3.769870    1.500274    2.345703 
     52          1           0       -4.296126    0.000397    3.187942 
     53          1           0       -2.679062    0.059822    2.399982 
     54          1           0       -4.792573   -2.669664   -0.450861 
     55          1           0       -4.894611   -2.551323   -2.244663 
     56          1           0       -3.290145   -2.464125   -1.434070 
     57          1           0       -3.892042    1.697381   -2.758997 
     58          1           0       -3.620035    3.235941   -1.866322 
     59          1           0       -2.318950    1.993641   -1.921404 
 --------------------------------------------------------------------- 
 
TS3-P (NIMGA = 1, 305.61i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        4.744821   -0.996379   -1.544674 
      2          6           0        5.426019    0.205680   -1.778351 
      3          6           0        4.845960    1.466418   -1.498402 
      4          6           0        3.572721    1.490759   -0.925139 
      5          6           0        2.936758    0.270617   -0.622693 
      6          6           0        3.447032   -0.986223   -0.966048 
      7          6           0        2.599800    2.567075   -0.666976 
      8          6           0        1.371882    1.987517   -0.230594 
      9          6           0        2.703055    3.946135   -0.879017 
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     10          6           0        1.569836    4.752246   -0.670144 
     11          6           0        0.349740    4.180255   -0.271411 
     12          6           0        0.244313    2.794277   -0.048313 
     13          6           0        2.577498   -2.152431   -0.746660 
     14          6           0        1.241625   -1.959356   -0.243565 
     15          6           0        0.431444   -3.098561   -0.024340 
     16          6           0        0.888568   -4.387732   -0.301998 
     17          6           0        2.187660   -4.569716   -0.811845 
     18          6           0        3.015385   -3.465492   -1.027411 
     19          6           0        0.679547   -0.611379    0.066647 
     20          6           0        1.594032    0.504412   -0.067959 
     21         79           0       -1.409409   -0.304337   -0.071431 
     22          6           0        1.417382    0.004589    1.630566 
     23          6           0        0.560877    0.766502    2.462430 
     24          6           0        0.753885    0.779268    3.845400 
     25          6           0        1.807577    0.045439    4.418059 
     26          6           0        2.667978   -0.704477    3.595865 
     27          6           0        2.477032   -0.729937    2.212910 
     28          1           0        5.217643   -1.933635   -1.832991 
     29          1           0        6.419747    0.168320   -2.225159 
     30          1           0        5.374379    2.383960   -1.757409 
     31          1           0        3.641338    4.386835   -1.216771 
     32          1           0        1.634042    5.828071   -0.833951 
     33          1           0       -0.527025    4.813953   -0.135952 
     34          1           0       -0.716277    2.374306    0.248059 
     35          1           0       -0.568736   -2.957941    0.387914 
     36          1           0        0.243440   -5.247213   -0.120159 
     37          1           0        2.554246   -5.572102   -1.033735 
     38          1           0        4.021604   -3.625299   -1.411545 
     39          1           0       -0.248374    1.343856    2.027140 
     40          1           0        0.084225    1.364295    4.475679 
     41          1           0        1.958572    0.058658    5.497534 
     42          1           0        3.489769   -1.271164    4.032901 
     43          1           0        3.143311   -1.319517    1.589884 
     44         15           0       -3.650788    0.105053   -0.412237 
     45          8           0       -3.993288    1.647840   -0.761115 
     46          8           0       -4.624346   -0.214864    0.838412 
     47          8           0       -4.325665   -0.706686   -1.634603 
     48          6           0       -3.248582    2.282681   -1.845602 
     49          6           0       -4.220138    0.240458    2.162760 
     50          6           0       -4.051789   -2.135638   -1.752815 
     51          1           0       -3.559416    1.854472   -2.807818 
     52          1           0       -3.509121    3.345336   -1.801036 
     53          1           0       -2.163893    2.153361   -1.701099 
     54          1           0       -4.342035    1.330111    2.233548 
     55          1           0       -4.889976   -0.262109    2.868248 
     56          1           0       -3.174775   -0.043684    2.368592 
     57          1           0       -4.581615   -2.681024   -0.960041 
     58          1           0       -4.432809   -2.429875   -2.736088 
     59          1           0       -2.968267   -2.327479   -1.694749 
 --------------------------------------------------------------------- 
 
Int4-P (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -1.471591   -3.946981    0.240316 
      2          6           0       -0.645397   -4.503568    1.223803 
      3          6           0        0.041671   -3.711344    2.181790 
      4          6           0       -0.117542   -2.327362    2.129380 
      5          6           0       -0.958571   -1.784267    1.127293 
      6          6           0       -1.652105   -2.537053    0.166786 
      7          6           0        0.419747   -1.195290    2.901450 
      8          6           0       -0.114163    0.024291    2.369359 
      9          6           0        1.327446   -1.159887    3.966399 
     10          6           0        1.710068    0.088112    4.491770 
     11          6           0        1.197025    1.285068    3.956887 
     12          6           0        0.283497    1.265537    2.888087 
     13          6           0       -2.474117   -1.797519   -0.786287 
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     14          6           0       -2.562737   -0.353570   -0.692367 
     15          6           0       -3.412861    0.338490   -1.596393 
     16          6           0       -4.127285   -0.341794   -2.577752 
     17          6           0       -4.017416   -1.744891   -2.687340 
     18          6           0       -3.208634   -2.454282   -1.801626 
     19          6           0       -1.793627    0.394512    0.310970 
     20          6           0       -0.976344   -0.336406    1.206823 
     21         79           0        0.636377    0.113343   -0.450734 
     22          6           0       -1.975453    1.867189    0.486381 
     23          6           0       -2.585569    2.349196    1.660519 
     24          6           0       -2.741774    3.729336    1.856017 
     25          6           0       -2.285307    4.636730    0.885455 
     26          6           0       -1.682118    4.161284   -0.291005 
     27          6           0       -1.535238    2.781489   -0.493309 
     28          1           0       -1.978050   -4.609542   -0.459824 
     29          1           0       -0.530542   -5.587123    1.259869 
     30          1           0        0.667989   -4.188940    2.935830 
     31          1           0        1.731423   -2.082938    4.383824 
     32          1           0        2.412253    0.128675    5.324800 
     33          1           0        1.508407    2.240800    4.378666 
     34          1           0       -0.107014    2.192611    2.473908 
     35          1           0       -3.508546    1.418809   -1.510692 
     36          1           0       -4.776317    0.210796   -3.256944 
     37          1           0       -4.576135   -2.278065   -3.456718 
     38          1           0       -3.149064   -3.538352   -1.885943 
     39          1           0       -2.926118    1.641829    2.416933 
     40          1           0       -3.218369    4.095237    2.765671 
     41          1           0       -2.404487    5.708920    1.042329 
     42          1           0       -1.334740    4.862478   -1.050596 
     43          1           0       -1.076846    2.399744   -1.407565 
     44         15           0        2.551720    0.273848   -1.641357 
     45          8           0        2.710155    1.642289   -2.473191 
     46          8           0        2.758418   -0.882496   -2.738176 
     47          8           0        3.877151    0.209994   -0.733241 
     48          6           0        2.495261    2.909682   -1.773525 
     49          6           0        1.649040   -1.220750   -3.630472 
     50          6           0        3.956314   -0.773956    0.348867 
     51          1           0        3.326950    3.091379   -1.080503 
     52          1           0        2.472897    3.674831   -2.555858 
     53          1           0        1.537020    2.890576   -1.229931 
     54          1           0        1.509510   -0.415866   -4.363872 
     55          1           0        1.948808   -2.147436   -4.129611 
     56          1           0        0.725725   -1.381242   -3.050955 
     57          1           0        3.993272   -1.787032   -0.072981 
     58          1           0        4.887027   -0.545938    0.877480 
     59          1           0        3.096232   -0.666283    1.028191 
 --------------------------------------------------------------------- 
 
TS1’-P (NIMGA = 1, 226.77i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        2.422303    1.060029   -1.699300 
      2          6           0        2.990517    2.339119   -1.448031 
      3          6           0        4.087190    2.528190   -0.580617 
      4          6           0        4.626180    1.362644   -0.039701 
      5          6           0        4.088292    0.058958   -0.308377 
      6          6           0        2.992095   -0.146535   -1.117977 
      7          6           0        5.640777    0.760893    0.877600 
      8          6           0        5.105735   -0.542341    0.620873 
      9          6           0        6.704100    0.974551    1.741907 
     10          6           0        7.235159   -0.193794    2.353555 
     11          6           0        6.708168   -1.471620    2.101200 
     12          6           0        5.610754   -1.682803    1.217215 
     13          6           0        2.330650   -1.442187   -1.318065 
     14          6           0        0.907010   -1.535146   -1.220535 
     15          6           0        0.295872   -2.796891   -1.382566 
     16          6           0        1.058598   -3.943331   -1.639024 
     17          6           0        2.458077   -3.851746   -1.712778 
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     18          6           0        3.084977   -2.609152   -1.545445 
     19          6           0        0.112415   -0.354572   -0.863147 
     20          6           0        0.427162    0.916893   -0.845478 
     21         79           0       -1.857867   -0.474508   -0.027800 
     22          6           0       -0.107522    2.249142   -0.700691 
     23          6           0       -1.220448    2.630723   -1.494646 
     24          6           0       -1.821142    3.881555   -1.305222 
     25          6           0       -1.314693    4.765673   -0.337089 
     26          6           0       -0.203692    4.396684    0.446316 
     27          6           0        0.400924    3.148831    0.266820 
     28          1           0        1.839788    0.951554   -2.617208 
     29          1           0        2.549922    3.202487   -1.946827 
     30          1           0        4.485653    3.522504   -0.381945 
     31          1           0        7.121771    1.959177    1.951821 
     32          1           0        8.077693   -0.097449    3.038392 
     33          1           0        7.157844   -2.331656    2.598312 
     34          1           0        5.213941   -2.681747    1.038098 
     35          1           0       -0.789340   -2.869423   -1.298318 
     36          1           0        0.563867   -4.905821   -1.769549 
     37          1           0        3.057830   -4.741693   -1.904155 
     38          1           0        4.169709   -2.524998   -1.619553 
     39          1           0       -1.606638    1.926600   -2.231408 
     40          1           0       -2.677878    4.168727   -1.915544 
     41          1           0       -1.778817    5.742072   -0.195477 
     42          1           0        0.185127    5.084055    1.197860 
     43          1           0        1.262592    2.854072    0.864474 
     44         15           0       -3.959585   -0.525520    0.889588 
     45          8           0       -4.273246   -1.779111    1.856708 
     46          8           0       -5.174866   -0.559291   -0.174234 
     47          8           0       -4.302435    0.758712    1.808720 
     48          6           0       -3.278896   -2.140936    2.863296 
     49          6           0       -5.111072   -1.532530   -1.260068 
     50          6           0       -3.975789    2.087460    1.297547 
     51          1           0       -3.272271   -1.388543    3.663308 
     52          1           0       -3.595918   -3.112500    3.255902 
     53          1           0       -2.279502   -2.223946    2.406349 
     54          1           0       -5.292327   -2.541012   -0.864554 
     55          1           0       -5.904523   -1.249546   -1.959399 
     56          1           0       -4.130573   -1.487443   -1.761810 
     57          1           0       -4.121573    2.770644    2.140656 
     58          1           0       -2.931274    2.128581    0.952097 
     59          1           0       -4.657665    2.345183    0.475849 
 --------------------------------------------------------------------- 
 
Int2’-P (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.436984   -2.830160   -0.419787 
      2          6           0        0.984893   -1.523665   -0.408542 
      3          6           0        2.412228   -1.407108   -0.569722 
      4          6           0        3.206973   -2.567427   -0.762859 
      5          6           0        2.627872   -3.832209   -0.789402 
      6          6           0        1.234059   -3.961419   -0.604692 
      7          6           0        0.124346   -0.344662   -0.229660 
      8          6           0        0.663348    0.914449   -0.337591 
      9          6           0        2.155769    1.124384   -0.656481 
     10          6           0        3.020742   -0.105900   -0.465015 
     11          6           0        2.764320    2.453709   -0.311420 
     12          6           0        4.095550    2.631223   -0.002396 
     13          6           0        4.873752    1.452951    0.050230 
     14          6           0        4.348667    0.146206   -0.178157 
     15          6           0        6.211022    0.898250    0.358226 
     16          6           0        5.705950   -0.429437    0.166874 
     17          6           0        7.519600    1.163076    0.739587 
     18          6           0        8.337520    0.017675    0.929509 
     19          6           0        7.840580   -1.284459    0.751911 
     20          6           0        6.491960   -1.547526    0.364774 
     21         79           0       -1.960440   -0.502076    0.063017 
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     22          1           0       -2.225260    3.857538    1.860620 
     23          6           0       -0.175412    2.144295   -0.290642 
     24          6           0       -0.298575    2.989135   -1.414215 
     25          6           0       -1.115266    4.129046   -1.363273 
     26          6           0       -1.810861    4.446798   -0.184256 
     27          6           0       -1.689250    3.616831    0.941857 
     28          6           0       -0.875913    2.474998    0.891342 
     29          1           0       -0.779391    1.821788    1.758543 
     30          1           0       -2.442334    5.334794   -0.145106 
     31          1           0       -1.213677    4.763576   -2.244750 
     32          1           0        0.224269    2.736877   -2.339075 
     33          1           0       -0.638697   -2.945518   -0.285802 
     34          1           0        0.774950   -4.950418   -0.611399 
     35          1           0        3.244435   -4.715274   -0.956449 
     36          1           0        4.275212   -2.452392   -0.936947 
     37          1           0        2.088279    1.240409   -1.772051 
     38          1           0        2.100354    3.314700   -0.380236 
     39          1           0        4.503869    3.619370    0.206145 
     40          1           0        7.911782    2.168901    0.887936 
     41          1           0        6.135031   -2.570323    0.252012 
     42          1           0        9.378435    0.149464    1.223577 
     43          1           0        8.511086   -2.127863    0.918539 
     44         15           0       -4.254705   -0.523850    0.286538 
     45          8           0       -4.847576   -1.198762    1.636140 
     46          8           0       -5.077279   -1.283335   -0.885720 
     47          8           0       -4.929535    0.950124    0.295702 
     48          6           0       -4.208443   -0.858743    2.899872 
     49          6           0       -4.609184   -2.598226   -1.300893 
     50          6           0       -4.502476    1.894078   -0.732619 
     51          1           0       -4.467358    0.171068    3.183235 
     52          1           0       -4.606821   -1.564584    3.636557 
     53          1           0       -3.114052   -0.969430    2.824966 
     54          1           0       -4.841323   -3.339547   -0.523468 
     55          1           0       -5.153869   -2.833223   -2.221590 
     56          1           0       -3.524818   -2.579416   -1.498673 
     57          1           0       -4.875349    1.567805   -1.713493 
     58          1           0       -4.952620    2.853838   -0.458041 
     59          1           0       -3.406174    1.988379   -0.745818 
 --------------------------------------------------------------------- 
 
TS2’-P (NIMGA = 1, 912.89i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.404978   -2.845664   -0.477995 
      2          6           0        0.967857   -1.539390   -0.396985 
      3          6           0        2.405836   -1.420966   -0.366574 
      4          6           0        3.198410   -2.592002   -0.447103 
      5          6           0        2.611605   -3.851466   -0.536660 
      6          6           0        1.204496   -3.980950   -0.546231 
      7          6           0        0.100307   -0.379101   -0.325412 
      8          6           0        0.667446    0.909438   -0.383994 
      9          6           0        2.193454    1.094536   -0.410720 
     10          6           0        3.024429   -0.113316   -0.265813 
     11          6           0        2.773260    2.412642   -0.424623 
     12          6           0        4.144297    2.615962   -0.242798 
     13          6           0        4.917132    1.467156   -0.049545 
     14          6           0        4.376490    0.150802   -0.062371 
     15          6           0        6.285406    0.922307    0.210022 
     16          6           0        5.756645   -0.406985    0.214544 
     17          6           0        7.623186    1.200494    0.424817 
     18          6           0        8.452280    0.066061    0.660648 
     19          6           0        7.936096   -1.236333    0.678259 
     20          6           0        6.553492   -1.511025    0.453932 
     21         79           0       -1.977051   -0.486588   -0.028640 
     22          1           0       -1.042231    4.659506    1.819818 
     23          6           0       -0.187887    2.139878   -0.332262 
     24          6           0       -1.063993    2.448831   -1.391753 
     25          6           0       -1.920999    3.555620   -1.298765 
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     26          6           0       -1.912784    4.353854   -0.143062 
     27          6           0       -1.045928    4.044236    0.919675 
     28          6           0       -0.179640    2.945251    0.823282 
     29          1           0        0.499093    2.702493    1.641995 
     30          1           0       -2.577164    5.215442   -0.070415 
     31          1           0       -2.591486    3.793462   -2.125004 
     32          1           0       -1.079051    1.808270   -2.274295 
     33          1           0       -0.680932   -2.941609   -0.497602 
     34          1           0        0.747506   -4.968144   -0.613895 
     35          1           0        3.241572   -4.738550   -0.605595 
     36          1           0        4.280341   -2.498019   -0.476919 
     37          1           0        1.484834    0.972117   -1.449256 
     38          1           0        2.107608    3.261404   -0.566107 
     39          1           0        4.562104    3.621826   -0.242823 
     40          1           0        8.036421    2.208938    0.422607 
     41          1           0        6.184255   -2.535624    0.490495 
     42          1           0        9.517480    0.215205    0.837019 
     43          1           0        8.611818   -2.069450    0.872358 
     44         15           0       -4.253371   -0.500901    0.353745 
     45          8           0       -4.851708   -1.840694    1.037126 
     46          8           0       -5.177464   -0.321934   -0.963657 
     47          8           0       -4.777640    0.677822    1.330544 
     48          6           0       -4.165589   -2.366523    2.211646 
     49          6           0       -4.883161   -1.160159   -2.119403 
     50          6           0       -4.238641    2.019543    1.128869 
     51          1           0       -4.364658   -1.720155    3.077246 
     52          1           0       -4.582696   -3.365085    2.379185 
     53          1           0       -3.080341   -2.435226    2.029562 
     54          1           0       -5.199525   -2.193076   -1.919568 
     55          1           0       -5.462427   -0.740329   -2.948568 
     56          1           0       -3.806984   -1.130463   -2.357364 
     57          1           0       -4.612136    2.434387    0.183095 
     58          1           0       -4.603579    2.614100    1.973082 
     59          1           0       -3.138607    2.004601    1.123451 
 --------------------------------------------------------------------- 
 
Int3’-P (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0       -0.380314   -2.854009   -0.171254 
      2          6           0       -0.941674   -1.552245    0.081128 
      3          6           0       -2.390252   -1.415548    0.148101 
      4          6           0       -3.173925   -2.586178    0.039055 
      5          6           0       -2.587161   -3.831810   -0.182365 
      6          6           0       -1.181013   -3.972732   -0.306575 
      7          6           0       -0.080611   -0.451424    0.297486 
      8          6           0       -0.672910    0.869447    0.720836 
      9          6           0       -2.180208    1.044703    0.605053 
     10          6           0       -3.003021   -0.110517    0.321169 
     11          6           0       -2.742473    2.306564    0.807175 
     12          6           0       -4.144441    2.541913    0.729035 
     13          6           0       -4.926338    1.442397    0.429786 
     14          6           0       -4.379747    0.143064    0.219299 
     15          6           0       -6.305707    0.912249    0.143264 
     16          6           0       -5.757826   -0.389601   -0.088760 
     17          6           0       -7.652546    1.189697    0.023387 
     18          6           0       -8.475349    0.087473   -0.355487 
     19          6           0       -7.944039   -1.185446   -0.598614 
     20          6           0       -6.551185   -1.458994   -0.473130 
     21         79           0        2.000497   -0.472284    0.133598 
     22          1           0        0.747457    3.449892   -2.937432 
     23          6           0        0.119375    2.031675    0.112967 
     24          6           0        0.931693    2.854391    0.910262 
     25          6           0        1.669618    3.898068    0.327029 
     26          6           0        1.602862    4.115942   -1.058271 
     27          6           0        0.801205    3.284492   -1.860891 
     28          6           0        0.062083    2.245843   -1.277640 
     29          1           0       -0.573620    1.606878   -1.892499 
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     30          1           0        2.167717    4.931468   -1.510908 
     31          1           0        2.285251    4.543089    0.954819 
     32          1           0        0.980164    2.681314    1.986937 
     33          1           0        0.705050   -2.940514   -0.226421 
     34          1           0       -0.742649   -4.953725   -0.485448 
     35          1           0       -3.224016   -4.714336   -0.256830 
     36          1           0       -4.250455   -2.516882    0.157745 
     37          1           0       -0.420603    0.858934    1.805984 
     38          1           0       -2.077163    3.144862    1.014241 
     39          1           0       -4.549584    3.541862    0.881320 
     40          1           0       -8.081109    2.176695    0.196308 
     41          1           0       -6.171691   -2.457806   -0.689598 
     42          1           0       -9.549044    0.241623   -0.465174 
     43          1           0       -8.614783   -1.991779   -0.895537 
     44         15           0        4.311349   -0.394486   -0.048559 
     45          8           0        5.078328    0.130739    1.273903 
     46          8           0        4.862285    0.577272   -1.214479 
     47          8           0        5.040639   -1.804505   -0.360585 
     48          6           0        4.721341   -0.462671    2.557846 
     49          6           0        4.248161    1.897433   -1.348788 
     50          6           0        4.530347   -2.602964   -1.468168 
     51          1           0        5.119701   -1.484503    2.617424 
     52          1           0        5.187028    0.171903    3.319020 
     53          1           0        3.627048   -0.471237    2.691097 
     54          1           0        4.549559    2.533559   -0.506238 
     55          1           0        4.631317    2.306143   -2.289627 
     56          1           0        3.151940    1.819326   -1.388508 
     57          1           0        4.821008   -2.141886   -2.421696 
     58          1           0        4.993621   -3.589728   -1.364769 
     59          1           0        3.432703   -2.692734   -1.408369 
 --------------------------------------------------------------------- 
 
TS3’-P (NIMGA = 1, 792.66i cm-1) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.413491   -2.849462   -0.012495 
      2          6           0        0.990065   -1.552457   -0.031121 
      3          6           0        2.416779   -1.416929    0.063723 
      4          6           0        3.192816   -2.587078    0.225966 
      5          6           0        2.599715   -3.849662    0.260749 
      6          6           0        1.202516   -3.987922    0.130470 
      7          6           0        0.117842   -0.379818   -0.087391 
      8          6           0        0.750163    0.935399   -0.114525 
      9          6           0        2.207184    1.102331   -0.031888 
     10          6           0        3.037017   -0.095433    0.006859 
     11          6           0        2.771029    2.396445   -0.011888 
     12          6           0        4.165866    2.611242    0.027925 
     13          6           0        4.952440    1.467801    0.021634 
     14          6           0        4.411458    0.149279    0.004273 
     15          6           0        6.344959    0.913044    0.010635 
     16          6           0        5.817875   -0.415836   -0.024478 
     17          6           0        7.699495    1.187423    0.003960 
     18          6           0        8.554745    0.049025   -0.047980 
     19          6           0        8.045207   -1.254652   -0.096660 
     20          6           0        6.644746   -1.524368   -0.088758 
     21         79           0       -2.003742   -0.475803   -0.065656 
     22          1           0       -2.175145    3.648559    2.311856 
     23          6           0       -0.147527    2.137890    0.006299 
     24          6           0       -0.327875    3.026689   -1.068128 
     25          6           0       -1.181821    4.132578   -0.928233 
     26          6           0       -1.843844    4.359620    0.289589 
     27          6           0       -1.662046    3.474219    1.365853 
     28          6           0       -0.820530    2.361952    1.224520 
     29          1           0       -0.681450    1.660237    2.047395 
     30          1           0       -2.498826    5.224222    0.400272 
     31          1           0       -1.323667    4.816527   -1.765247 
     32          1           0        0.199594    2.852333   -2.007315 
     33          1           0       -0.669492   -2.943933   -0.099431 
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     34          1           0        0.743392   -4.975957    0.148652 
     35          1           0        3.224296   -4.733679    0.392204 
     36          1           0        4.266368   -2.497054    0.354194 
     37          1           0        0.426443    0.364132   -1.205346 
     38          1           0        2.104713    3.256552   -0.024501 
     39          1           0        4.575762    3.620197    0.050605 
     40          1           0        8.108185    2.197439    0.031533 
     41          1           0        6.290659   -2.553656   -0.144819 
     42          1           0        9.634845    0.196043   -0.055635 
     43          1           0        8.740679   -2.092789   -0.145093 
     44         15           0       -4.307109   -0.499377   -0.029136 
     45          8           0       -4.979972    0.959621    0.143163 
     46          8           0       -4.979138   -1.365044    1.158583 
     47          8           0       -5.015910   -1.078676   -1.360570 
     48          6           0       -4.482196    2.045663   -0.698304 
     49          6           0       -4.463432   -1.191136    2.511978 
     50          6           0       -4.538489   -2.347266   -1.899926 
     51          1           0       -4.793234    1.878601   -1.738622 
     52          1           0       -4.945085    2.957020   -0.306349 
     53          1           0       -3.387077    2.124467   -0.626541 
     54          1           0       -4.774418   -0.213443    2.904498 
     55          1           0       -4.906787   -1.997415    3.105379 
     56          1           0       -3.364295   -1.275989    2.521959 
     57          1           0       -4.871901   -3.171971   -1.255517 
     58          1           0       -4.987850   -2.436010   -2.894402 
     59          1           0       -3.439200   -2.344031   -1.981215 
 --------------------------------------------------------------------- 
 
Int4’-P (NIMGA = 0) 
--------------------------------------------------------------------- 
 Center     Atomic      Atomic             Coordinates (Angstroms) 
 Number     Number       Type             X           Y           Z 
 --------------------------------------------------------------------- 
      1          6           0        0.212708   -0.247810    3.709982 
      2          6           0       -0.002358    0.418617    2.481265 
      3          6           0       -1.327648    0.565594    1.967837 
      4          6           0       -2.407812    0.083119    2.741837 
      5          6           0       -2.182960   -0.560247    3.960053 
      6          6           0       -0.867632   -0.736562    4.443368 
      7          6           0        1.123841    0.974294    1.729623 
      8          6           0        0.923960    1.803205    0.591852 
      9          6           0       -0.399758    1.864191   -0.016325 
     10          6           0       -1.512418    1.191756    0.661629 
     11          6           0       -0.568621    2.425616   -1.308326 
     12          6           0       -1.793270    2.389321   -2.005831 
     13          6           0       -2.838178    1.742971   -1.356525 
     14          6           0       -2.699500    1.154798   -0.066471 
     15          6           0       -4.247693    1.238351   -1.450313 
     16          6           0       -4.113778    0.624483   -0.164578 
     17          6           0       -5.397826    1.144624   -2.211719 
     18          6           0       -6.456250    0.385647   -1.632385 
     19          6           0       -6.324911   -0.229195   -0.380825 
     20          6           0       -5.131674   -0.127134    0.395234 
     21         79           0        1.320683   -0.764692    0.219334 
     22          1           0        5.442151    2.469240   -0.460019 
     23          6           0        2.062974    2.622877    0.107182 
     24          6           0        1.870044    3.998098   -0.162107 
     25          6           0        2.951139    4.809939   -0.530720 
     26          6           0        4.239362    4.264226   -0.643298 
     27          6           0        4.444478    2.900466   -0.373030 
     28          6           0        3.368536    2.089152    0.005431 
     29          1           0        3.536402    1.030117    0.210496 
     30          1           0        5.077977    4.895399   -0.937590 
     31          1           0        2.785952    5.870068   -0.723572 
     32          1           0        0.875260    4.428737   -0.053017 
     33          1           0        1.233240   -0.354168    4.081339 
     34          1           0       -0.698764   -1.237150    5.396768 
     35          1           0       -3.029229   -0.918220    4.546506 
     36          1           0       -3.424370    0.249137    2.395114 
     37          1           0        2.076817    1.061258    2.256573 
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     38          1           0        0.298452    2.867561   -1.794429 
     39          1           0       -1.880430    2.818280   -3.003490 
     40          1           0       -5.510669    1.610066   -3.190902 
     41          1           0       -5.059922   -0.629733    1.359465 
     42          1           0       -7.392851    0.277744   -2.179596 
     43          1           0       -7.161621   -0.804958    0.015452 
     44         15           0        1.123957   -2.558622   -1.164410 
     45          8           0        1.530435   -3.977180   -0.522713 
     46          8           0        1.988969   -2.479025   -2.518902 
     47          8           0       -0.389236   -2.776529   -1.671879 
     48          6           0        0.995169   -4.323418    0.793875 
     49          6           0        3.401590   -2.113029   -2.427821 
     50          6           0       -1.174609   -1.618884   -2.106851 
     51          1           0       -0.074746   -4.552882    0.705622 
     52          1           0        1.553903   -5.208202    1.114500 
     53          1           0        1.154217   -3.495109    1.503301 
     54          1           0        3.970429   -2.945419   -1.993092 
     55          1           0        3.722809   -1.924740   -3.457035 
     56          1           0        3.522089   -1.202084   -1.819519 
     57          1           0       -0.756434   -1.216311   -3.038654 
     58          1           0       -2.185986   -2.001753   -2.275445 
     59          1           0       -1.190740   -0.845431   -1.324306 
 --------------------------------------------------------------------- 
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This thesis described the C-C bond cleavage of biphenylene by transition-metal catalysts to 
synthesize various polycyclic hydrocarbons. Iridium, rhodium and gold catalysts could transform 
biphenylene derivatives in intermolecular or intramolecular fashion. Moreover, both experimental 
and theoretical mechanistic considerations were carried out. 
In Chapter 2, the iridium-catalyzed intermolecular formal [4+1] cycloaddition of biphenylenes 
with alkenes was disclosed. Electron-rich alkenes were suitable for this reaction to afford 
9,9-disubstituted fluorenes. The experimental results suggested the reaction mechanism involves 
β-elimination and subsequent intramolecular insertion. DFT calculations for intermediates and 
transition states rationalized that the formal [4+1] cycloaddition pathway is more favorable than 
formal [4+2] pathway. 
In Chapter 3, the author reported the alkene-directed regioselective cleavage of sterically more 
hindered C-C bond of biphenylenes and subsequent intramolecular reaction giving dihydroben-
zo[b]fluoranthenes by using a rhodium-NHC catalyst. The alkene moiety allowed the selective C-C 
bond cleavage by acting as a directing group. Photophysical properties of the obtained dihydro-
benzo[b]fluoranthene derivatives were measured and the difference of photophysical properties 
between dihydrobenzo[b]fluoranthene and their aromatized compounds, benzo[b]fluoranthene were 
discussed. 
In Chapter 4, the author achieved catalytic and highly atroposelective synthesis of chiral PAHs 
by the combination of a cationic rhodium catalyst and a chiral diene. An alkyne acted as both a di-
recting group and a reaction site to give chiral benzo[b]fluoranthene derivatives via the regioselec-
tive cleavage of sterically hindered C-C bond of biphenylene. The consecutive reaction of diyne 
possessing two biphenylene moieties gave highly conjugated PAHs having two axial chiralities 
with almost perfect enantioselectivities. Moreover, one of the obtained PAHs showed a relatively 
strong CPL property along with a high quantum yield. 
In Chapter 5, the author reported cationic gold-catalyzed skeletal rearrangement of biphenylene 
with a pendant alkyne via double C-C bond cleavage at ambient temperature. When an elec-
tron-deficient gold catalyst was used, the skeletal rearrangement dominantly proceeded. On the 
other hand, bulky and electron-rich gold catalyst gave hydroarylation products. The different reac-
tion pathways were rationalized by DFT calculations. 
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2016 
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“イリジウム触媒を用いた C－C 結合開裂を経る[4+1]付加環化反応の開発” (ポスタ－発
表) 






第 109 回有機合成シンポジウム, 早稲田大学 (東京), P2-37, 2016 年 6 月 




日本化学会第 96 春季年会, 同志社大学 (東京), 2H7-18, 2016 年 3 月 
高野 秀明, 杉村 夏彦, カニヴァ ステイヴィン キャロ, 柴田 高範 
 
“CH alkylation for 2-substituted pyridine N-oxide by a cationic iridium(I) catalyst” (ポスタ－発
表) 
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